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A suite of sulphide-bearing diamonds recovered from the Ellendale 4 and 9 pipes in the Ellendale 
diamond province of lamproite intrusions in north-western Australia have been investigated for 
their nitrogen aggregation state and the Re-Os isotope geochemistry of the sulphide inclusions. 
The Ellendale lamproites, dated at ca. 20 1,'la (Allsopp et at., 1985) intrude the King 
Leopold 110bile Belt just south of the Kimberley craton and are thus an atypical, off-craton 
diamondiferous locality. The diamonds contain roughly equal proportions of peridotitic and 
eclogitic inclusions (Hall & Smith, 1984; Griffin et at., 1988; Jaques et at., 1989). 
The diamonds in this study range in size from 0.26 to 0.92 carats and are dominated, with 
the exception of one octahedron, by highly resorbed tetrahexahedroida. The diamonds are 
mainly yellow, with variable degrees of colour intensity including twelve colourless specimens. 
Cathodoluminescence images of the diamond plates were taken in order to reveal internal growth 
zonation. The diamonds exhibit an octahedral growth habit, consistent with growth under 
conditions of lower carbon supersaturation (Sunagawa, 1984a,b) though some diamonds show 
complex growth zones indicating several micro growth centres. 
The diamonds in this study are dominated by Type IaAB diamonds that have a high average 
nitrogen content ("-' 600 ppm) and high levels of nitrogen aggregation (71 % of analyses have> 
50% laB). Time-averaged mantle temperatures (1114 - 1229 DC ) for a mantle residence time of 
1500 1Ia were calculated after Taylor et at. (1990). The high aggregation state of the diamonds. 
as well as the mantle storage temperatures, are consistent with diamonds from mobile belt 
settings, for example, Argyle (Halls Creek mobile belt), Venetia (Kaapvaal-Zimbabwe craton) 
and George Creek (Colorado-Wyoming kimberlite province). 
Twelve sulphide inclusions were recovered from ten diamonds. The majority of the sulphides 
are very small (1 - 2 fLg) and are dominated by high Ni (peridotitic j P-type) pentlandite-rich 
compositions, although four low Ni (eclogitic j E-type) inclusions, with pyrrhotite-rich and 
chalcopyrite-rich compositions, were analysed. 
A regression plotted through the six peridotitic sulphide inclusions that showed the best 
colinearity, gives an age of 1432 ± 130 Ma with a low initial 1870sj1880s ratio of 0.1039 ± 0.0037. 










well as the Re blank correction applied to such tiny samples, the upper and lower limits on the 
age still indicate peridotitic diamond formation below the King Leopold Ivlobile Belt during the 
Proterozoic. The Ellendale peridotitic diamonds are of similar age to eclogitic diamonds from 
Argyle. which were dated at 1580 ± 60 Ma using the Sm-Nd isotope system on their silicate 
inclusions (Richardson, 1986). 
The initial 1870sj1880s ratio is low for the convecting mantle at '" 1.43 Ga, with ~(OS = 
-32.25. The upper and lower limits on the initial ratio (0.1039 ± 0.0037) give Re depletion 
ages (T RD) of 2.96 and 3.93 Ga, respectively, indicating that a deep sub-continental lithospheric 
mantle (SCLM) has been preserved since at least the Mesoproterozoic and during any subsequent 
continent-margin accretion around the Kimberley Craton. This is in agreement with seismic 
studies which indicate that the high velocity zone representing dense cold lithosphere (underlying 
the Kimberley craton to depths of rv 225 - 250 km) extends much further south than is suggested 
by the surface cratonic edge (van del' Hilst et al., 1998; Kennett, 2003; Fishwick et al., 2005). 
This study indicates that the extent of Archaean SCL~1 cannot be determined based all 
the outcrop of Archaean crustal rocks alone, as younger crustal rocks may be transported over 
older Archaean lithosphere, without the destruction of the local SCL:\1. It appears that due 
to the presence of a deep SCLM, the formation processes for diamonds emplaced into these 
mobile belt settings are similar to those operating beneath Archaean cratons. However, higher 
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The predominant primary source for diamonds is the mantle, with diamonds transported to 
the surface of the Earth in highly explosive kimberlitic or lamproitic magmas. Diamond grade 
in kimberlitellamproite is typically very low (less than 1.2 ppm; Gurney et al., 2005) and is a 
consequence of the random sampling of the lithospheric mantle by the host magma as it makes 
its way to the surface. Sm-Nd and Rb-Sr isotope analysis of garnet inclusions in diamonds from 
Kimberley and Finsch (Kaapvaal craton) yielded "-' 3.3 -3.2 Ga model ages (Richardson et al., 
1984). This study, along with Kramers (1979), indicated that diamonds are xenocrysts in their 
host magmas. 
The association lwtwccIl diamoIldifcrous kimLerlites and old cratons was first recognised 
by Clifford (1966) and later also by Gurney & Switzer (1973), Boyd &, Gurney (1986) and 
Janse (1994). Cratons have been tectonically inactive for billions of years (Sykes, 1978) and are 
characterised by deep keels of thick, less dense sub-continental lithosphere (e.g. Jordan, 1975, 
1978, 1988; Boyd, 1973; Boyd et al., 1985; Finnerty & Boyd, 1987; Walker et al., 1989) that are 
chemically isolated from the convecting mantle. 
Cratons have the lowest heat flow of any region on Earth with a typical conductive geotherm, 
assuming that the lithosphere has no internal heat production, of 40 m W 1m2 (Pollack & Chap-
man, 1977; Nyblade & Pollack, 1993). One definition of the base of the lithosphere is defined 
where the conductive geotherm intersects the adiabatic geotherm of the convecting mantle (Rud-
nick et al., 1998; Rudnick & Nyblade, 1999). From geotherms calculated from mantle xenoliths 
and the cratonic conductive geotherm, Rudnick & Nyblade (1999) suggest that globally the 
continental lithosphere typically extends to depths of '" 200 - 250 km. 










inter::;ection of the cratonic geothermal gradient with the diamond ::;tability field at temperature::; 
exceeding'" 950 to 1000 °C (e.g. Richardson et al., 1984; Boyd et al., 1985; Boyd & Gurney, 1986; 
Haggerty, 1986). Diamond host rocks in the mantle can be determined from the composition 
of mineral inclusions in diamonds, as well as the presence of diamond in mantle xenoliths. 
Two main parageneses, peridotitic and eclogitic, are recognised. Typical inclusion mineralogy 
that distinguishes eclogitic diamonds are pyrope - almandine garnet; omphacitic clinopyroxene; 
kyanite; rutile; corundum and coesite. Inclusions characteristic of peridotitic diamonds are Cr -
pyrope; enstatite; Mg-rich olivine; chromite and diopside (e.g. :t-.Ieyer & Boyd, 1972; Gurney & 
Switzer, 1973; Harris & Gurney, 1979). 
Diamond inclusions are isolated from the mantle, and are thus protected from metasomatic 
events as well as the rapid diffusion of elements that occur at high temperatures in the man-
tle. These inclusions are essentially closed systems, unless linked to the surface of a diamond 
through cracks, and can provide information on lithosphere conditions at the time of diamond 
crystallisation (e.g Richardson, 1990). 
Diamond - dating studies have helped constrain whether diamond formation in the sub-
continental lithospheric mantle (SCLM) is continuous or episodic, with a number of studie::; 
contributing to the current understanding that diamonds form during discrete events in the 
SCLNI. The oldest Archaean diamonds are generally of harzburgitic paragenesis and related to 
continental mantle keel stabilisation, with the formation of lherzolitic and eclogitic pat'ageneses 
beli(~v('d to bc related to tectonothermal modification of the SCLl\I during the Protcro~oic 
(Shirey et al., 2002; Richardson et al., 2004). 
To date, there is no direct method to date diamonds and the only reliable method to obtain 
age information from diamonds is through radiogenic isotope analysis of silicate and sulphide 
mineral inclusions encapsulated in the diamond. Mineral inclusions may be protogenetic (grown 
before the diamond), epigenetic (grown after the host diamond) or syngenetic (grown at the 
same time as the diamond). Dating of syngenetic mineral inclusions provides formation ages of 
the host diamond. 
Harris (1968) and Harris & Gurney (1979) provide criteria with which to distinguish between 
syngenetic and epigenetic inclusions. Syngenetic mineral inclusions exhibit cubo-octahedral 
morphologies imposed by the host diamond, as opposed to morphologies that would normally 
develop - e.g. monoclinic pyrrhotite and tetragonal chalcopyrite. 
The main radiogenic isotopic systems that have been applied to dating mineral inclusions 










As Nd is not abundant enough in single garnet inclusions for 147Sm - 144Nd isotope analysis, 
inclusions are composited into harzburgitic, lherzolitic and eclogitic parageneses based on Cr203 
and CaO content and colour. Even though isochrons are produced from diamonds that may 
not be in equilibrium, the obtained isochron age is still geologically significant. As the range 
in 147Sm/144Nd is much greater for eclogitic inclusions compared to peridotitic inclusions, more 
precise ages can be obtained can be obtained for the former. 
40 Ar - 39 Ar dating can only be applied to clinopyroxene, due to its relatively high K con-
tent. However, this method has limited applicability: radiogenic Ar is trapped at the inclusion-
diamond interface, due to negligible diffusion rates in diamond, which is then released during 
cleaving and extraction of the inclusion. Therefore only Ar produced since eruption of diamonds 
is measured and 40 Ar - 39 Ar ages should be regarded as eruption ages rather than diamond gen-
esis ages. Philips et al. (2004) provides a description of the applicability of this method to 
illC:lusions in diamonds. Rc - Os was first applied to pcriciotitic and cdogitic slllphicl(~ inclusions 
from Koffiefontein (Kaapvaal craton) by Pearson et al. (1998). Since then, it has become the 
preferred method, as analyses can be performed on single sulphide inclusions. More detail on 
this method is described in Chapter 3 and Chapter 6. 
In addition to radiometric techniques, the time and temperature dependence of nitrogen 
aggregation in diamond can provide semi - quantitative constraints on both mantle storage 
temperatures (if residence time is known) and mantle residence time (if the mantle storage 
temperatures are known) (Taylor et al., 1990). Nitrogen geothermometry has shown that mantle 
storage temperatures of cratonic diamonds are very similar, with a compilation of worldwide data 
by Stachel & Harris (2008) showing that the mean storage temperature (for a 3 Ga residence 
time) for eclogitic diamonds is 1141 ± 48 DC , with 1146 ± 50 DC for peridotitic diamonds, 
essentially equivalent. Nitrogen aggregation has limited applicability as a geochronometer, as 
the thermal history of diamonds is difficult to constrain accurately. 
The SCLM beneath the King Leopold 
Typical diamond localities, as shown by Clifford (1966), are kimberlites/lamproites that intrude 
cratonic areas that are underlain by a highly depleted Archaean mantle lithosphere, that is 
partially within the diamond stability field. Ellendale is one of the only t\\"o producing diamond 
mines in Australia, which are both located in Proterozoic mobile belts adjacent to the Kimberley 
craton and are thus atypical diamond localities. The Ellendale lamproites (West Kimberley 










and the Argyle lamproite pipes (East Kimberley Province) are found in the Halls Creek Mobile 
Belt to the south-east of the Kimberley craton. As there are no exposed Archaean rocks in the 
Kimberley area, this is seemingly in violation of Clifford (1966). 
However, through host-Iamproite and mantle xenolith studies as well as seismic tomography, 
the presence of ancient lithospheric mantle beneath both the Kimberley craton and the adjacent 
Halls Creek and King Leopold Mobile Belts has been confirmed. The seismic tomographic model 
(van del' Hilst et al., 1998; Kennett, 2003; Fishwick et at., 2005) confirms that the Kimberley 
craton is underlain by a high velocity zone representing dense cold lithosphere to depths of at 
least 150 - 200 km. Xenolith studies by Jaques et at. (1986, 1989. 1990); Lucas et at. (1989); 
Ramsay et at. (1994); Smith et at. (1994); Griffin & Ryan (1995); Graham et al. (1999); Wyatt 
et at. (1999); Downes et at. (2007); Luguet et at. (2008) have indicated the presence of Archaean 
lithospheric mantle below the Kimberley craton and the adjacent mobile belts. This implies 
preservation of the local SCLM during and after Proterozoic amalgamation of the Halls Creek 
and King Leopold Mobile Belts. The SCLM is largely lherzolitic in composition, with rare 
harzburgite (Hall & Smith, 1984; Jaques et at., 1989; Lucas et at., 1989). In addition, using 
xenoliths from the Ellendale 4 and 9 olivine lamproites, Griffin & Ryan (1995) have determined 
a typical cratonic palaeogeotherm of 40 m W jm2 for the \Vest Kimberley province. 
Ellendale Diamonds 
The formation processes of the Ellendale diamonds are still poorly defined. Studies on the 
i5 15 N and t5 13 C of Ellendale diamonds (van Heerden et at., 1995) as well as inclusion studies 
by Hall &; Smith (1984); Griffin et at. (1988); Jaques et at. (1989) have shown that Ellendale 
has both lherzolitic and eclogitic diamond populations, in roughly equal proportions. Nitrogen 
aggregation and geothermometry studies by (Taylor et at., 1990) have shown that Ellendale and 
Argyle diamonds have distinct origins in both time and space, and suggest that the Ellendale 
diamond population is younger than Argyle. Taylor et at. (1990) suggest that diamonds in 
the West Kimberley province were stored in a stable Archaean SCLrvr. However, in the East 
Kimberley province, the SCLM has been underplated with eclogite, with the Halls Creek Mobile 
Belt representing the suture zone between the Kimberley craton and the rest of the North 
Australian craton (see Chapter 2). 
A focus of this research project is to date the sulphide-bearing Ellendale diamonds and 
compare the age of diamond growth episodejs with the geological processes in the region, such 










King Leopold TvIobile Belt. A more complete understanding of these processes is important for 
understanding diamond formation in mobile belt settings as well as for diamond exploration 
programmes, which currently mainly target cratonic environments. 
This suite of Ellendale diamonds were dated through characterisation of their sulphide in-
clusions, using the Re-Os isotope system. Diamond plates were analysed with Fourier Transform 
Infrared Spectroscopy (FTIR) to determine nitrogen content and aggregation state as well as 
mantle storage temperatures for the diamonds. Results of the study are compared to pub-
lished work on the Argyle diamond deposit in order to constrain whether the timing of the 
diamond-forming event/s below the Kimberley craton are related. In addition, the mantle stor-
age conditions, as defined by FTIR analyses, are compared to published work on other mobile 
belt diamond localities such as Venetia (Limpopo Mobile Belt) and George Creek (Colorado-












The suite of diamonds forming the core of this project was recovered from the Ellendale lamproite 
pipes in north-western Australia. The Ellendale lamproites are an atypical craton-margin locality 
as they intrude the King Leopold Mobile Belt just south of the Kimberley craton. 
2.1 Australian Cratons 
There are three main Precambrian units in Australia, namely the West, North and South Aus-
tralian cratons, all of which evolved separately and became coherent entities by '" 1.86 - 1.83 
Ga (l\Iyers et at., 1996; Tyler & Page, 1996) (Figure 2.1). The West Australian craton was 
established by collision of the Pilbara and Yilgarn cratons along the Capricorn Orogen which 
peaked at 1.84 - 1. 79 Ga although deformation lasted until rv 1700 Ma (Myers, 1990; Myers 
et at., 1996: Tyler et at., 1999). 
The South Australian craton is an amalgamation of proto-Gawler and Curnamona cratons, 
joined by the Kimban Orogen (Myers et at., 1996) and was part of an earlier larger continent, 
the Mawson continent, which included East Antarctica (Daly et at., 1998). However, a Palaeo-
proterozoic reconstruction of the South Australian craton by Giles et at. (2004) implies that 
there was no distinction between the North and South Australian cratons before 1.5 Ga. In 
this reconstruction, the South Australian craton is rotated 52 °counterclockwise with the 1.8 
to 1.6 Ga orogenic belts of the Gawler craton aligned with those preserved in the Arunta In-
lier and the 1.6 to 1.5 Ga orogenic belts of the Curnamona Province aligned with those in the 
~Iount Isa Block. After 1.5 Ga the South Australian craton must have separated from the North 










Australia that may be due to extension during this time, for example, the Roper Superbasin 
and South Nicholson Basin (Plumb et al., 1990) and the Cariewerloo Basin (Daly et al., 1998). 
The North Australian craton includes the Kimberley, Pine Creek, Arnhem, Lucas and Al-
tjwarra cratons with suture zones between these fragments marked by the King Leopold, Halls 
Creek, Tennant Creek and proto-Isan orogenies (Plumb et al., 1981; Myers et al., 1996). The 
North Australian craton was joined to the northeastern margin of the West Australian craton 
by'" 1.3 Ga (Myers et al., 1996, and references therein). However, palaeomagnetic results from 
Li (2000) suggest the possibility that the two cratons had joined together much earlier, at '" 1.7 
Ga. These combined cratons collided with the South Australian craton along the Albany-Fraser 
and ~Iusgrave Orogenies as part of the assembly of the Rodinia supercontinent at '" 1.33 to 1.10 
Ga (Myers, 1993; Myers et al., 1996; Giles et al., 2004). After assembly, the combined cratons 
show intracratonic deformation associated with the breakup of Rodinia (T\Iyers et al., 1996). 
2.2 The Kimberley Craton 
The Kimberley Basin lies within the boundary of the larger North Australian craton (Plumb, 
1979) and is bounded to the east and south by the intracratonic and King Leopold NIobile 
Belts, respectively (Figure 2.2). The Kimberley Basin has a platform cover of ± 1.9 - 1.65 
Ga sandstone-dominated sediments and volcanics (Gellatly, 1971: Thorn, 1975; Atkinson et al., 
1984). This cover remains largely undeformed, except in areas in close proximity to the adjacent 
mobile belts (e.g. Gellatly, 1971). There are no exposed Archaean rocks in the Kimberley region 
(Gellatly, 1971; Wellman, 1978), though there is evidence which indicates the presence of sub-
continental lithospheric mantle beneath both the Kimberley block and the adjacent Halls Creek 
and King Leopold Mobile Belts. 
The seismic tomographic model (van der Hilst et al., 1998; Kennett, 2003; Fishwick et al., 
2005) confirms that the Kimberley craton is underlain by a high seismic velocity zone, which 
represents cold lithospheric mantle, to depths of at least 150 - 200 km (Figure 2.3). This zone 
extends much further than is suggested by the surface cratonic edge, and includes the Halls 
Creek and King Leopold Mobile Belts. Preservation of the lithospheric mantle keel indicates 
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Griffin & Ryan (1995) have determined a typical cratonic palaeogeotherm (Boyd, 1973; 
Pollack & Chapman, 1977) of 40 mW/m2 beneath the West Kimberley province (see below) 
from garnets in the Ellendale 4 and 9 olivine lamproites. In addition, cool geotherms of 40 -
44 mW 1m2 (Jaques et al., 1990) have been established for the East Kimberley province (see 
below) and", 40 mW/m2 for the north Kimberley (Griffin & Ryan, 1995; Wyatt et al., 1999). 
A considerably higher palaeogeotherm of '" 48 m W 1m2 was determined for the mantle beneath 
the Skerring kimberlite in North Kimberley by Taylor et al. (2000). 
Xenolith studies by (Jaques et al., 1989, 1990; Lucas et al., 1989; Ramsay et al., 1994; Smith 
et al., 1994; Griffin & Ryan, 1995; Wyatt et al., 1999; Downes et al., 2007) have shown that 
the lithospheric mantle beneath the Kimberley craton is largely Iherzolitic in composition (with 
rare harzburgite). Two lherzolite xenoliths from Argyle, one hypabyssallamproite sample from 
Argyle and one chromite from the Seppelt kimberlite in the North Kimberley Province yield 
aRe-Os isochron age of 3.4 ± 1.3 Ga (Graham et al., 1999). This age is imprecise due to 
limited spread in RelOs and may be an overestimate as the Iherzolitic xenoliths show evidence 
of metasomatic alteration. However, Luguet et al. (2008) also reports Archaean Re depletion 
ages for peridotite xenoliths from Argyle, indicating that the lithospheric mantle beneath the 
Kimberley craton and adjacent Halls Creek Mobile Belt was indeed stabilised in the Archaean. 
In addition, Nd isotope data indicate that the Argyle lherzolite xenoliths and the Argyle 
lamproite magma, with unradiogenic initial ENd = - 3.2 and -5 to -6, respectively, was extracted 
from an old source which had subsequently been reworked or enriched in light rare earth elements 
(LREE) (Graham et al., 1999). This is supported by a low initial Nd isotopic composition (ENd = 
- 3) for eclogitic silicate inclusions from Argyle (Richardson, 1986). Also, Hf model ages of zircons 
from xenoliths from the Aries Kimberlite intruded into the Kimberley craton, indicate that Hf 
is inherited from an older Archaean protolith, at least 2.7 Ga old (Downes et al., 2007). 
A convergent margin along the southeast boundary for much of the Proterozoic before '" 
1.9 Ga (Tyler et al., 1999; Griffin et al., 2000), as well as zircon ages which range from 2.5 to 
1.91 Ga (Tyler et al., 1999), indicate that the early Proterozoic was a time of continual crustal 
formation and reworking. A post-collisional environment has been proposed for the 1.86 - 1.85 
Ga felsic magmatism of the Paper bark suite that dominates the Hooper and Lamboo Complexes 
(Figure 2.2). These granites were sourced from magmatic arcs and continental fragments under-
lying the Speewah and Kimberley Basins (Sheppard et al., 1997) and were emplaced following 
llorthwcstcrly terrane accretion to the Kimlwrlcy cratoll (Griffill et al., 2000). Other late Ar-
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2000, and references therein) but predates the 1.83 - 1.79 Ga granitic intrusions. The intrusion of 
these granites was strongly controlled by shear zones developed during D2 deformation (Tyler 
&: Griffin. 1990). The deformation produced upright open to tight folds with NW-trending 
axial surfaces that typically plunge moderately to steeply NW or SE (Tyler &, Griffin, 1990). 
Intrusion of the 1.83 - 1.79 Ga granites effectively signalled cratonisation and the incorporation 
of the Hooper Terrane as part of the Kimberley craton (Tyler & Griffin, 1990). 
The Hart Dolerite intruded at 1.76 Ga and is one of the most extensive dolerite bodies 
in the world (Griffin & Grey, 1990). Sun et al. (1986) suggests that the dolerite was derived 
either from enriched mantle or from interaction of depleted mantle with Archaean crust and/or 
lithosphere. 
The deformation that produced the Yampi Fold Belt is divided into two phases. the first of 
which produced large-scale near isoclinal folds. The second phase produced large-scale N-facing 
folds. Both phases produced folds with axial surfaces that dip SSW. Strain during deformation 
was partitioned into pre-existing shear zones and the rocks in areas between these were largely 
undeformed (Tyler & Griffin, 1990). The development of the Yampi Fold Belt occurred after the 
intrusion of the Hart Dolerite and before the deposition of the 670 Ma Mount House glacigene 
seqncw:e (Tyler & Griffin, 1 ~)90). I3odorkos & Reddy (2004) give a possible rv 900 Ma 40 Ar j39 Ar 
age for the Yampi orogen. It represents intracratonic compression that could be related to a 
collision towards the SW of the King Leopold Orogen (Tyler &, Griffin, 1990) and is associated 
with the assembly of Early Proterozoic cratons as part of the Rodinian Supercontinent (Myers 
et al .. 1996: Li et at., 2008). 
The development of the Precipice Fold Belt post-dated the 670 Ma glacigene sequence and 
involved large-scale folding and SW-directed thrusting of the Kimberley Basin over the Hooper 
Terrane (Griffin & Myers, 19HH; Griffin, 19H9; White & Muir, 19H!J; Tyler & Griffiu, l!J!)()). Folds 
and thrusts trend WNW with axial surfaces that dip to the NNE. 
Break-up of Rodinina in the late Proterozoic resulted in intracratonic deformation along 
previous lines of weakness with reactivation of older sutures between the North, South and West 
Australian cratons (Myers et al., 1996). This may be related to plate movements beyond the 
present boundaries of Australia. In this context, deformation in the King Leopold orogeny (560 










2.4 Kimberley Diamond Provinces 
The lcucite lamproites of the West Kimberley were first recognised in the early 1900's. However, 
the first detailed study on these rocks was by Rex Prider for his PhD thesis at Cambridge 
University in the late 1930's. This work was published as Wade & Prider (1940). Diamonds 
were discovered in the Kimberley region as part of an extensive exploration programme launched 
in Western Australia by the Ashton Joint Venture in 1972. The known shield areas, namely the 
Kimberley, Yilgarn and Pilbara cratons, were prime targets for exploration after Clifford (1966). 
Exploration was extended into the Halls Creek and King Leopold Mobile Belts surrounding the 
Kimberley craton, due to the suggestion by Wade & Prider (1940) and Prider (1960) that the 
leucite lamproites in the Fitzroy Trough could be genetically related to kimberlite. Exploration 
methods are summarised in Atkinson et ai. (1984). 
The Kimberley diamond province comprises three main areas, namely the North Kimberley 
Province. the East Kimberley Province and the West Kimberley Province. The North Kim-
berley Province is located on the northern parts of the Kimberley craton. Five kimberlites are 
known which are virtually barren of diamond, associated with some uneconomic diamondiferous 
alluvials (Atkinson et ai., 1984; Sobolev et ai., 1989). The East Kimberley Province contains two 
diamond source rock types. Kimberlites occur on the eastern margin of the Kimberley craton, 
whereas the Argyle AK1 lamproite pipe, as well as the related Bow and Lissadell Road dyke::; 
are in the Halls Creek Mobile Belt adjacent to the craton (Atkinson et ai., 1984). The Argyle 
lamproite has been dated at 1129 ± 9 Ma through Rb-Sr dating by Skinner et ai. (1985). 
The distribution of the lamproite and kimberlite intrusions in the Kimberley province show 
structural control due to major deep-seated fracture zones associated with the early Proterozoic 
mobile belts and Phanerozoic rifting and continental break-up (Atkinson et ai., 1984). The 
intrusions of the East Kimberley province are aligned N-NE, parallel to the major fault structures 
in the area (Atkinson et at., 1984). 
The Kimberley lamproite pipes show several distinctive differences from the mode of kim-
berlite emplacement described by Hawthorne (1975). Lamproite pipes have a champagne-glass 
shape, with short, narrow feeder pipes or diatremes and broad shallow craters (Atkinson et at., 
1984; Smith & Lorenz, 1989), compared to the typical carrot-shaped diatremes of kimberlite. 
Lamproites are typically very explosive, with late stage lava flows. As a result, crater tuffs are 
commonly overlapped or intruded by plugs of the magmatic lamproite or late-stage sills. This is 
not a common association for kimberlitic diatremes, as outlined in the Hawthorne model where 










et al., 1984; Jaques et al., 1984). The diamond content of the magmatic phase of the lamproite 
is normally very low, with average diamond grades much lower than kimberlites. They typically 
contain small diamonds that are usually severely etched and pitted. The tuffs from the initial 
explosive phase can however have much higher diamond grades than most kimberlites, e.g. The 
Argyle lamproitic tuffs have a grade of 500 carats/lOO tons compared to 20 - 80 carats/100 tons 
for most kimberlites (Mitchell & Bergman, 1991). 
2.5 West Kimberley Diamond Province 
The \Vest Kimberley Diamond Province is a suite of more than one hundred lamproitic intrusives 
that occur at the northeastern margin of the Canning Basin and the southern margin of the 
King Leopold Mobile Belt (Mitchell & Bergman, 1991). The main fields that comprise the 
\Vest Kimberley Diamond Province are, from north to south, the Ellendale, Calwynyardah and 
Nooukalmh lamproitc fields (Mitchell & I3ergman, 1991; White et al., 1995). These lamproite 
fields are emplaced in the hanging wall of the Oscar Shear system, which forms the contact 
between the King Leopold Mobile Belt and the Lennard Shelf (White et al., 1995). The Oscar 
Shear system is a reactivated part of the King Leopold Mobile Belt and has been traced into 
the upper mantle by deep seismics (Drummond et al., 1989). 
The distribution of lamproites in the West Kimberley Province has been strongly controlled 
by the W-NW trending structures of the King Leopold Mobile Belt (Atkinson et al., 1984). 
The strong structural control of kimberlitic and lamproitic intrusions, with their distribution 
localised by deep mantle structures, have been established by various authors including Crocket 
& Mason (1968), Black et al. (1985) and White et al. (1995). 
About 45 % of the West Kimberley lamproites are diamondiferous (Hughes & Smith, 1990) 
and t he Ellendale field, closest to Kimberley cratou has the highest dialllOud grade (White et al., 
1995). K-Ar and Rb-Sr dating by Wellman (1973), Jaques et al. (1984) and Pidgeon et al. (1989) 
established the l\1iocene age (24 - 19 Ma) of these intrusions. A summary of the age results for 
the West Kimberley lamproites is given in Allsopp et al. (1985). 
The lamproites in the West Kimberley Province are bimodal and show geochemical variation 
from olivine-rich to leucite lamproites (Jaques et al., 1984, 1989; Stachel et al., 1991), with 
magma rising as lava lakes in the olivine lamproites and as lava domes in the more viscous leucitc 
lamproites (Stachel et al., 1991). These two lamproite groups show (iistinctly different major 










less radiogenic than the leucite lamproites (McCulloch et al., 1983; Jaques et al., 1984). Chesler 
(2008) proposes that the observed geochemical variation is due to varying degrees of crustal 
assimilation during lamproite emplacement. 
The West Kimberley lamproites have Ti-rich phlogopite, diopside and richterite composi-
tions, with enrichment in incompatible elements (F, Ba, Rb, Sr, Pb, Th, U, Ti, Zr, Nb and 
LREE) (Jaques et al., 1984). The lamproites also have high 87Sr/86Sr (0.711 to 0.720) and 
unradiogenic ENd (-7 to -15) (McCulloch et al., 1983; Jaques et al., 1984). These compositions 
are consistent with derivation from an ancient enriched mantle source. 
2.6 Ellendale Lamproite Field 
There are forty-eight volcanic bodies in the Ellendale field, the majority of which are volcanic 
crater deposits, although small sills do occur (Hughes & Smith, 1990). At Ellendale, only the 
leucite lamproites show an extensive development of sills, and they appear to predate the central 
plug and form a large portion of the diatreme. Forty-three of the forty-five crater lamproite 
pipes at Ellendale are aligned in an elongate belt along the Oscar Fault (Smith & Lorenz, 1989) 
(Figure 2.4). 
Smith & Lorenz (1989) outline evidence for the interaction of the Ellendale lamproitic 
magma with groundwater as it ascended. This caused phreatomagmatic eruptions resulting in 
the formation of maars and diatremes. Subsequent erosion has removed the maar tephra rings 
and tephra sheets, exposing the underlying volcanic pipes. A review of the phreatomagmatic 
model is given by Lorenz (2003). Stachel et al. (1991) details the geology, petrography, mineral 
chemistry and geochemistry of these pipes. 
The two largest olivine lamproites in the Ellendale field are Ellendale 4 and Ellendale 9, while 
~'1t North and 81 Mile Vent are the larger leucite lamproites (Stachel et al., 1991) (Figure 2.4). 
The olivine lamproites carry more diamonds (71 % are diamond-bearing) whereas the leucite 
lamproites are generally lower grade (only 36 % are diamond-bearing) (Jaques et al., 1984; 
Hughes & Smith, 1990). The Ellendale lamproite pipes have a much lower diamond grade «1 
carat per tonne) than Argyle (5 - 6 carats per tonne) (Gurney et al., 2005). The Ellendale 4 (14 
carats / 100 metric tons) and Ellendale 9 (5 carats / 100 metric tons) have the highest diamond 
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and apatite [Ca5(P04h(OH,F,Cl)] may be present due to extreme enrichment of incompatible 
elements or country rock assimilation. Nepheline, ilmenite and spinel may also be present. 
Table 2.1: Average lamproitic geochemical compositions 
Silica content 43 - 55 wt % Si02 
Ultrapotassic 
Per alkaline Al < Na + K 
Enriched in REE and incompatible elements Rb, Sr, Ba, Zr, Ni, Cr, Co, Sc 
]\!any cratonic regions have limited or no lamproitic suites. It is probable that the source 
characteristics and tectonic environment required for ultrapotassic lamproite magma genera-
tion is less common than that of kimberlite. Lamproite source regions are typically enriched 
in Rb and LREE with higher Rb/Sr and lower Sm/Nd ratios than bulk earth (Mitchell, 2006) 
and are mainly sourced from the non-convecting lithospheric mantle. Lamproites have a low 
CO2 content < 1 %, compared to ± 8 % CO2 in kimberlite. According to Foley (1989) the 
major difference between kimberlites and lamproites are the different fluid compositions. Al-
though both lamproites and kimberlites have deep-seated mantle source regions, kimberlites are 
produced in a more oxidised mantle, while lamproites are formed in more reducing conditions 
with CH4 present as the dominant carbon species. Lamproites are however enriched in F and 
H20. The isotope and volatlile content of lamproite, as well as experimental studies by Eggler 
(1978), Eggler & Wendlandt (1979) and Wyllie (1979), suggest that these rocks formed by the 
partial melting of metasomatised phlogopite-bearing harzburgite in conditions that are F-rich, 












3.1 Diamond Descriptions 
Diamonds were examined and photographed under an optical microscope as well as imaged using 
a SEI detector on the LEO S440 Scanning Electron Microscope (SEM) in the Electron Micro-
scope Unit at the University of Cape Town. Backscatter imaging allowed for the observation 
of features on the surface of the diamonds and was done in order to document any interesting 
features on the diamonds before plates were cut. 
3.2 Diamond plate cutting and Cathodoluminescence (CL) imag-
Ing 
Diamond plates of between 1.2 - 2.7 mm thickness were cut using the automated Bettonville 
laser cutter in facilities at the Geophysical Laboratory (GL) of the Carnegie Institution of 
Washington. Diamond plates were polished using a polishing wheel with embedded diamond 
chips, also at GL. Polished diamond plates were ultrasonically cleaned in ethanol and water. CL 
images that reveal internal growth zoning of the diamonds were obtained on the JEOL JX-S100 
electron microprobe at the University of Cape Town. Colour CL images were obtained using the 
luminoscope at the Smithsonian Institution's Department of Mineral Sciences in Washington. 
DC. Diamond plates were kept at vacuum better than 100 milliTorr with beam voltage and 
current at 15 kV and 0.5 rnA, respectively. The ideal orientation for a diamond plate to be 
cut is parallel to the {1l0} crystal plane (i.e. parallel to the c-axis). If a diamond plate is 










tetrahexahedroida, it is extremely difficult to judge the position of the c axis. As the diamonds 
were quite large, a few images (normally four) of the different portions of the diamond were 
taken. These were mosaicked using DoubleTake image software. Occasionally the contrast of 
the different sections of the diamond varied, resulting in uneven mosaicking of images. 
3.3 FTIR Analysis 
Prior to FTIR analysis, the diamond plates were ultrasonically cleaned in 10 % decon solution. 
followed by ethanol and water. Diamond plates were mounted along the side of a glass slide 
with double-sided tape. 
Spectra for samples EL01 to EL50 were measured at the Department of Geological Sciences, 
University of Cape Town with a Nicolet Magna-IR 560 spectrometer attached to a KBr beam 
splitter and a MCT / A detector that was cooled with liquid nitrogen. The sample chamber was 
purged with dry nitrogen gas to prevent CO2 build-up in the space around the sample. 
Spectra for samples EL51 to EL69 were measured on a Bio-Rad Excalibur FTS 3000 spec-
trometer at the Department of Mineral Sciences of the Smithsonian Institution in Washington. 
DC. The spectrometer is attached to a KBr beam splitter and a ~VICT detector that was cooled 
with liquid nitrogen. Dry air was purged over the sample to ensure a non-condensing environ-
ment. 
All spectra were recorded over the mid infrared range (4000 - 650 cm -1), with resolution set 
at 8 cm -1 and an aperture of 100 J-Lm. Background spectra were recorded with every analysis 
and subtracted from the diamond spectra to correct for non-sample contributions. Bruker 
OPUS/3D software was used for baseline correction of the spectra. Spectral decomposition to 
quantify nitrogen content and aggregation state, was done on a spreadsheet provided by David 
Fisher of the DTC Research Centre in Maidenhead, UK. Nitrogen concentration in the different 
sites is calculated from the absorption coefficient at the respective peak absorption wavelength: 
[NA] = 16.5 X J-LA (1282 cm- 1 ) (Boyd et ai., 1994) 
[NBJ = 79.4 X J-LB (1282 cm- 1) (Boyd et ai., 1995) 
3.4 Re-Os Isotope Analysis 
Sulphide inclusions were analysed using facilities at the Department of Terrestrial Magnetism 










mond plates were broken in a tungsten-carbide-lined steel cracker to release the sulphide inclu-
sions. Sulphide inclusions were then mounted on conductive carbon tape for identification on 
a scanning electron microscope (SEM) using both backscatter and secondary electron imaging, 
as well as energy-dispersive X-ray fluorescence spectrometry (EDS) for major element analyses. 
Operating voltage and current for the SEM were 15 kV and 1 nA, respectively. Data reduction 
followed the ZAF procedure, with the following standards: Pyrite for Fe and S, Chalcopyrite for 
Cu, and synthetic Ni sulphide for Ni. 
Re and Os isotopes were analysed by negative thermal ionisation mass spectrometry (N-
TU\IS) on a modified 15 inch radius mass spectrometer at DT~I, which was designed for and 
dedicated to Re - Os isotope analysis. After sulphide inclusion characterisation and cleaning, a 
mixed 185Re - 190 Os spike solution was added and Re and Os analysed using microchemistry and 
mass spectrometry techniques following Shirey & Walker (1995), Pearson et al. (1998), Carlson 
et al. (1999), Shirey et al. (2000) and Richardson et al. (2001). These are described below: 
3.4.1 Sample Preparation 
Prior to use, virgin Teflon vials were boiled in Aqua Regia for 2 hours, HN03 for 1 hour and 
~IQ H20 for 1 hour. Glass vials were boiled in Aqua Regia for 2 hours and MQ H2 0 for 1 hour. 
Once sulphides had been liberated from the carbon tape, they were transferred to a glass 
vial containing acetone to be ultrasonically cleaned. Sulphides were weighed on a Mettler U?-.IT2 
microbalance and transferred to a Teflon cap. During this process Teflon beakers and caps were 
wrapped in aluminium foil in order to minimise static charging, which may cause sulphides to 
pop out of the cap. 
Spike solutions were weighed out into separate Teflon caps and dried down in a laminar 
flow hood for ± 1/2 hour. Re-Os spikes of different concentration were used, depending on the 
sulphide paragenesis. Peridotitic sulphides have higher Os concentrations and were spiked with 
a solution that has higher Re and Os concentrations, while eclogitic sulphides were spiked with 
a dilute Re-Os solution. 
Very dilute Re-Os spike (DTM spike 06-4-53): 
[190 Os] = 1.237 X 10-13 mol/g 










Concentrated Re-Os spike (DTM spike 99-4-50): 
[1900s] = 9.239 x 1O~12 mol/g 
[185Re] = 2.367 x 1O~12 mol/g 
After the spike solution had dried down, 10 JLL 12N H2S04 was added to the spike cap and 
the spike solution transferred onto the sulphide in the other Teflon cap. 
3.4.2 Os distillation 
10 JLL HBr was added to the tip of a conical beaker and 10 JLL Cr203 to the sulphide and spike 
solution on the cap. The upside-down capped beaker was placed on a hot plate for 90 minutes 
at 75 DC to distill the Os into the HBr drop. Cr203 is a strong oxidising agent and is added 
to bring Os to its highest oxidation state. OS04 is highly volatile at low temperatures and it is 
reduced by the HBr drop to OsBr62~. At temperatures above 80 DC , some of the Cr solution 
may also be transferred to the HBr drop, which will interfere with reduction of Os. 
Once distillation was complete, the Os fraction was dried down under the heat lamps until 
± 1 JLL was left. Once dried, it is ready to be loa(k<i outo a filallleut for mass spectrollletry. 
The distillation residue was capped until it was ready for column chemistry. 
3.4.3 Re Anion Exchange Column Chemistry 
The residue was transferred into a conical beaker via pipette, with 0.5 ml of 1M HCI. 10 I,L 
30 % H20 2 was added to the beaker in order to reduce Cr6+ to Cr3+. The solution was set aside 
until the reduction reaction was complete, i.e. the solution had turned blue and there were no 
more bubbles. 
Columns set aside for Re-Os sulphide inclusion work were rinsed with 3 aliquots of MQ H20. 
BioRad AG 1 X8 Resin was loaded into columns and the columns cleaned by passing through 4 
aliquots of 6r-.l HCI, followed by 0.5 ml MQ H20 and 1 aliquot 8M HN03. 
Once the columns were equilibrated with 2 X 0.5 ml of 1M HCL, the sample was loaded 
dropwise onto the resin. After the sample was loaded, the beaker was rinsed three times with 
':\'1Q H20 and fluxed with 4r-.r HN03 in the oven until it is to be used for Re collection. 










4 X 0.5 ml 1M HCI. Columns were washed with 0.5 ml 0.8~I HN03 and finally Re Wa') collected 
in 2 X 1.0 ml 4M HN03. The Re cut was dried down in Aqua Regia in the laminar flow hood 
to get rid of any organics from the resin. 
3.4.4 Mass Spectrometry 
Re and Os were both loaded onto Pt wire filaments (opposed to Re filaments used for other 
isotope analyses). Re was picked up from the conical beaker in HN03. If the Os cuts had dried 
all the way down, they can be loaded in 0.5M HBr. The Re and Os salts were dried onto the 
filaments. 
When the Os salt was dried, current was passed through the filament, under vacuum. in 
order to metalise the Os, i.e. the Os forms an alloy with the filament. Os is extremely volatile, so 
the metallisation process helps control ionisation in the mass spectrometer. EL51 did not yield 
any reliable data, as the Os did not metalise well due to the current that kept fluctuating in the 
filament position, possibly due to a poor electrical contact. 
Ba(N03)2 was added onto both the Re and Os filaments. Ba is an electron donor and aids 
ionisation, so that Re and Os are ionised as Re04 - and OS03 -, respectively. 
Filaments were turned up slowly and data only collected once a stable beam had been 
obtained. O2 was leaked into the source during Os runs in order to improve the ionisation 
efficiency. 
T\Iass spectrometer fractionation was corrected by normalising 1920s/1880s to 3.082614 
(Creaser et al., 1991). Since Re and Os are run as negative oxides, data needs to be corrected 
for interferences from three 0 isotopes, with 17 0 j160 = 0.00037 and 180/160 = 0.002047 (Nier, 
1950). 
Analyses were corrected for minimum procedural blanks of 3 fg Os and 120 fg Re. 1870sj1880s 
2Q" errors were calculated based on in-run precision and 50 % uncertainty in the total Os content 











PHYSICAL CHARACTERISTICS AND INTERNAL 
MORPHOLOGY 
4.1 Introduction and sample selection 
The samples in this study comprise a suite of sixty-nine diamonds recovered from the Ellendale 
4 and 9 pipes in the Ellendale province of lamproite intrusions in north-western Australia. 
Studies by Hall & Smith (1984), as well as Jaques et al. (1989), have shown the diamond 
population at the Ellendale 4 and 9 pipes to be dominated by highly resorbed chemically polished 
tetrahexahedroidal forms, many of which are yellow. Octahedra are very rare, however, a 9.92 
carat yellow octahedral diamond was recovered in the alluvial deposits at Ellendale in 2005. 
1'.Iany diamonds from Ellendale have high value due to their intense yellow colour, and arc 
classified as fancies, although colourless diamonds are also common. 
The Ellendale run-of-mine diamonds also have a sub-population of octahedral stones in a 
size range of up to ± 0.3 carats. These stones were found to have inclusions of the peridotitic 
paragenesis and are described by Jaques et al. (1991). Their unresorbed nature is explained by 
Jaques et al. (1991) to be a result either of late stage diamond formation or through shielding 
of the diamonds in peridotite xenoliths. The latter is most likely, having also been observed to 
occur elsewhere, as described in Robinson (1979) and Gurney (1989). 
The diamonds for this study were selected due to the presence of rosette fracture systems. 
characteristic of sulphide inclusions. Twelve diamonds are from the Ellendale 4 (E4) pipe (EL51 
to EL62), with six diamonds from the Ellendale 9 (E9) pipe (EL64 to EL69). The majority 










examined under an optical microscope and their morphology, colour, form and surface features 
described. The physical characteristics of the suite of Ellendale diamonds studied are summarised 
in Table 4.l. It was not one of the aims of this study to explain the observed properties, but 
they were recorded as an aid to the interpretation of other observations such as FTIR analyses, 
CL imaging and sulphide inclusion Re-Os geochemical data. 
Thirty-five diamond plates were investigated for their internal morphology by cathodolu-
minescence imaging. Descriptions of the growth layering for each diamond, with relation to the 
FTIR traverses, are given in Appendix 2. CL images of the front and back of all the plates are 
presented in Appendix 3. A brief description capturing salient growth features identified in the 
CL images is given below. 
4.2 Colour and Size 
Impurities in the diamond structure may cause absorption in the visible spectrum and account 
for their colour (Robinson, 1979, and references therein). The most common colours in diamond 
are colourless, yellow and brown (Harris et al., 1975). Colourless diamonds typically have minor 
impurities and are more pure. Diamonds with no detectable nitrogen in the lattice are classified 
as Type Ha, but are extremely rare (see Chapter 5). The presence of nitrogen atoms causes 
absorption in the blue region of the visible spectrum, resulting in a yellow colour (Bruton. 
1978; King et al., 2005). Brown, and sometimes pink and red diamonds are associated with 
plastic deformation of diamond at great depths (more detail in Section 4.4.1) (Robinson, 1979, 
and references therein). Slip lines develop in the diamond due to plastic deformation, along 
which graphite or amorphous carbon crystallise, giving rise to the brown colour (Urusovskaya & 
Orlov, 1964; Robinson, 1979). There are however, diamonds that show lamination lines without 
the development of a brown colour. The diamonds in this Ellendale suite range in size from 0.26 
to 0.92 carats and are mainly yellow, with variable degrees of colour intensity. There are thirteen 
colourless diamonds in the suite, namely, EL10, EL18, EL35, EL36. EL50, EL54, EL55, EL58, 
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Diamonds can grow in both octahedral and cubic habit, though octahedra are the most common 
form (Robinson, 1979). Diamond growth can take place on the {OOl}, {all} and {1l1} crystal 
planes, with regular growth along the {1l1} index planes resulting in an octahedron with eight 
planar surfaces equidistant from the origin. (Sunagawa, 1984a,b) has shown that this growth 
occurs uuder conditions of low carbon supersaturation in a diarnonri-fonning fluid. Growth along 
the {OOl} index planes results in a cubic form (Wilks & Wilks, 1991). Cubes typically display 
rough faces and fibrous growth and form under conditions of higher carbon supersaturation 
(Kamiya & Lang, 1964; Moore & Lang, 1972; Sunagawa, 1984a,b). 
Tetrahexahedroida are a secondary form that typically result from the resorption of primary 
forms (Ivloore & Lang, 1972) due to oxidising agents. It has been suggested that most diamond 
resorption occurs during and after incorporation of diamonds into the kimberlite (or lamproite, 
in the case of Ellendale) magma (Robinson et al., 1989). Robinson (1979) has shown that a 45 % 
loss of mass is needed to convert a regular octahedron to a tetrahexahedroid. Tetrahexahedroida 
(THH) are commonly rounded with twelve curved crystal faces (Robinson, 1979). These curved 
surfaces sometimes lead people to refer to them as rounded dodecahedra, however THH are 
different from regular dodecahedra in that they never have flat {Oll} faces (Wilks & Wilks, 
1991). Diamonds that have smooth, rounded tetrahexahedroidal surfaces dominate the suite of 
diamonds in this study. Some diamonds are equidimensional, resulting from even resorption on 
all sides (Figure 4.1 A and B), whereas some diamonds have irregular forms, due to uneven 
resorption (Figure 4.1 C and D). EL59 is the only octahedron in the suite (Figure 4.1 E and 
F). In several cases, remnant octahedral layering is still visible on the apices of the diamond 
(Figure 4.2 A. C, E). 
Resorbed surfaces are typically characterised by fine to ultrafine hillock patterns. The elon-
gation of the hillocks is parallel to the growth of octahedral layers, which indicate that the 
hillocks reflect the resistance of individual layers to resorption (Robinson, 1979). The tetrahex-
ahedroida in this suite, however, lack any abundant hillock pattems and have been subjected 
to chemical polishing, which renders smooth, shiny faces. Hillock resorption patterns have been 











Figure 1.1: Layer"'l (,,,, ahedral plane> "ill yi,ible on th~ 'LlTf~( . e ~It"r ',",,,rptioll ,,,,d (HOnllat ~)jj bmel 
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4.3.2 T wins 
Twill cry8\lds ar~ I"odurffi whon" ch"n.o;o in t il(' rl".nt"Uo.o;r"phir orientAtion of t.he :>;rm'"1h 
plAlWS occur "Ion~ A twin plRne (Wilks F.' Wilks. 1!1!l1). Thc moot common twin form is a con-
t",ct twin or made, which has", triallgulm shape "!Hi is a fbtWllcd pair or OC\l\h..ctra with the 
tv.;n pIA.n~ parAllc1 t()t.he hr.o;cr pRir of {Ill} cryst"l far.c., (Harris ct al .. l~n; Wilks I,.: Wilks, 
1991) (Figure 4.3 A). The twin p!t\lle is idelllified by a herringboue Pl\J..1~'·n (}II (h~ "id~ or the 
diA.lIwnd. centred on t.he twinpifm('. Oftcn jndn~ions in thc di",mond ,.,~ll be found along t he twill 
pl"'j~. alld p,-,,~ibly play a rol~ inprolHotin~ the twin cry,t,,1 ~"olVt h _ In thi8 "Ii t ~ of El l ~ndalo 
dbmo''',", lh~ twin phIl,," "r~ onl.>- p",·ti"ll)-' vL,iblc due t() extensive rcsorption. Fi.o;nre 4.:1 B 
shows" mad.,. wilh its twin phme idcn;ified on the one edgc on thc basis of its h~rrillgbollc 
l'Mtern_ Sewralmad,'Il "Ul" idclltilil"(j ill t his "\lite. na'nely ET.O:l EL08, ET.IG, EL2() . EL~.o. 
EU>fi, EUiO, EUil and EUill. 
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()nl~' portiail,- \""ibw du~ to '""",ption_ 
4 .4 Su rl"<lce Features 
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of many surface features as it post-dates both resorption and the processes that form etch 
pits (Robinson, 1979). The development of the main surface features observed in this suite is 
described below. 
4.4.1 Deformation 
Lamination lines on the surface of a resorbed diamond are generally accepted to be the result 
of plastic deformation of diamond (e.g. Harris, 1992), which occurs at temperatures greater 
than 1000 °C at 30 kbar and requires grain-boundary contact (de Vries, 1975). Lamination 
lines occur as sets of fine lines parallel to the {111} octahedral faces and are typically only 
visible due to the effects of crystal resorption (Robinson. ID7~)). Colour may be an additional 
indicator of deformation, with the brown colour at ion resulting from carbon recrystallising as 
graphite along these deformation planes (Orlov, 1973). However, there are diamonds that show 
the development of deformation lamellae without a pervasive brown colour. On the basis of 
lamination lines, deformation was recognised in sixteen of the Ellendale diamonds. EL47 exhibits 
both deformation lamellae as well as a deep yellow/brown colour (Figure 4.2 B). The deep colour 
could also be due to deformation of an already yellow diamond. However, EL35, a colourless 
diamond also has extensive deformation lamellae (Figure 4.2 E). 
4.4.2 Etch Features 
Triangular pits (or trigons) are the result of dissolution (Robinson, 1979; Sunagawa, 1984a,b) 
and not due to growth failure as suggested by Tolansky (1965) and others. Negatively-orientated 
etch pits are typically formed at high temperatures in excess of 950°C with steam and wet CO 2 
gas (Robinson, 1979). These pits are the opposite orientation to the octahedral face. Positively-
orientated etch pits are normally formed due to 02 gas and pressurised steam at lower temper-
atures between 450 and 1000 °C (Robinson, 1979). These pits are the same orientation as the 
octahedral face. Both positive and negatively orientated trigons may be either pyramidal or flat-
bottomed. According to Robinson (1979), trigons are flat-bottomed when they stop developing 
on surfaces that are resistant to etching. 
Resorption channels, or ruts can also be caused by etchants such as steam or gas and de-
velop along zones of weakness in the diamond (Robinson, 1979). While the tetrahexahedroidal 
diamonds in this suite are predominantly smooth and polished, some diamonds show the devel-
opment of both trigonal and cubic etch pits. These are mainly localised in ruts or resorption 
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are widened by resorption or etching (Orlov, 1977; Robinson, 1979). Mineral inclusions may be 
released during resorption resulting in isolated cavities, which generally exhibit trigonal etch 
pits. An example is seen in EL53 (Figure 4.4 E). Cavities do not always show the external 
form of an inclusion, since when inclusions are liberated, they may also remove a portion of the 
diamond, with the cavity reflecting the cleavage of the diamond (Robinson, 1979). 
4.4.3 Scratch Marks 
Scratch-like marks are present on EL44 and EL49 (Figure 4.4 F) and are more severe than 
most marine diamonds show. The exact nature of their origin is not understood, however they 
must have occurred after both the resorption and chemical polish events and could represent 
mechanical or frictional damage. One possibility is that these features show plant or mining 
damage, however other diamonds in the suite do not exhibit this. 
4.5 Internal Morphology 
4.5.1 Background 
Studies by Seal (1963, 1965) and Harrison & Tolansky (1964) were the first to reveal the internal 
structures of diamonds through etching in potassium nitrate. The etch medium is affected by 
impurities and imperfections in the diamond, so the etch pattern reveals the different internal 
growth layers. Other techniques, such as X-ray topography (Hanley et at., 1977; Lang, 1963, 1964. 
1965. 1974, 1979), ultra-violet transmission topography and birefringence topography (Takagi 
& Lang, 1964) were later applied. The most common technique used today to study the internal 
zonation in diamonds is cathodoluminescence topography, with one of the earliest studies by 
IVloore & Lang (1975). The origin of cathodoluminescence in diamonds is complex, the details 
of which are reviewed in Davies (1979) and Walker (1979). In short, electrons are excited from 
valence bands under electron-beam bombardment and when they relax back to their ground 
state, they emit light of a characteristic wavelength (Davies, 1979). 
The most common internal structure in diamond is layered growth bands or zones parallel to 
the {111} crystallographic direction or parallel to the outline of octahedral crystals. Cathodo-
luminescence has the ability to recognise distinctions between different growth layers that have 
differences in defect (nitrogen) concentration. Growth layers may be octahedral parallel to the 
{111} crystallographic direction, or cubic - parallel to the {OOl} direction (r..loore & Lang, 1972: 
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4.5.2 Growth Habit 
The Ellendale diamonds all show predominantly octahedral growth habit, with truncation of the 
octahedral growth layers at their edges, confirming their origin by resorption. Diamonds that 
exhibit more or less regular octahedral zonation from core to rim are ELOl, EL12 and EL52 
(Figure 4.5). However, EL12 has cross-cutting octahedral layers of slightly higher luminescence 
towards the bottom of the plate, indicating a period of resorption (Figure 4.5 C). 
A few diamonds show several micro growth centres within an overall octahedral growth 
habit. This is illustrated in Figure 4.6. The different centres typically do not all have similar 
luminescence, indicating that they probably did not form at the same time, but rather represent 
multiple growth events that eventually coalesced to a single crystal. 
4.5.3 Multi-stage Growth/Resorption 
Several diamonds show cross-cut octahedral layers, often of different luminescence, which in-
dicate different episodes of diamond growth interrupted by a period of resorption. The most 
dramatic examples are EL32, EL36, EL55 and EL67 where the diamonds have cores of highly 
luminescent diamond with uneven or curved edges typical of resorption (Figure 4.7 A to D). In 
all these diamonds, resorption is followed by growth with much lower luminescence, indicating 
fluctuation of the N content in the diamond-forming fluid. 
4.5.4 Twins 
Due to the highly resorbed nature of the Ellendale diamonds, twin planes were only partially 
preserved. In some cases a herringbone pattern was not observed at all and the diamond could 
only be identified as a twin from the illternal morphology. CL images for sclcckd twins frolll 
the suite are shown in Figure 4.8. EL61 shows etch pits all along the twin plane through the 
diamond (Figure 4.8 E). 
4.5.5 Deformation 
Deformation lines, which are visible as green-yellow lines on the CL images were observed in 
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Table 4.1: Physical Characteristics of the Ellendale diamonds. 
Sample Weight. Weight Plate Morphology Form Colour Colour Twin Hillock Etch Octahedral Deformation Other 
Number ( mg) (et) thicklless Illtellsity Resorptioll Features layerillg lamellae 
Patterns 
ELOI 96.06 0.48 1.15 Illlll THH A y X 
EL02 110.19 0.55 THH A y 2 X 
EL03 97.58 0.49 THH made y X X X 
EL04 86.05 0.43 THH A y X X X 
EL05 113.45 0.57 1.58mm THH A y 2 X 
EL06 12:3.81 0.62 THH B y X 
EL07 120.47 0.60 THH A Y 2 X X X 
ELDS 53.02 0.27 THH made Y X X X X 
EL09 56.35 0.28 PHM Y X X X broken crystal 
ELI0 62.26 0.31 l.77mm THH A W 0 X X X X grew in rock or un-
evell surface 
EL11 130.38 0.65 THH A y X 
EL12 60.84 0.30 1.67mm THH C y 2 X 
EL13 66.56 D.3:~ THII A Y 2 X X X grew in rock or un-
even surface 
EL14 101.21 0.51 THH elongate Y X X X X 
EL15 97.51 0.49 THH A Y 2 X X X X 
EL16 57.65 O.2D 1.57mm THH macle Y X X X 
EL17 80.69 0.40 THH A Y X 
ELlS 84.37 0.42 THH A W 0 X 
EL19 96.45 0.4S THH A Y X 
EL2D 127.25 0.64 1.76mm THH made Y X X 
EL21 116.30 0.58 THH A Y X X 
EL22 l1S.70 0.59 THH A Y 2 X 
EL2:~ 97.:~6 0.49 1.65mm THH A Y X X 










Sample Wei"ht Wei"ht Plate I\iorpholo"y Form Colollr Colollr T\vill Hillock Etch Octahedral Dcfonnation Other 
Number (mg) (el) thickness Intensity Resorption Features layering lamellae 
Patterns 
EL25 75.14 O.:lS 1.:lOmm THH C y X 
EL26 114.97 0.:;7 1.:;Omm THH distorted Y X 
EL27 123.93 0.62 THH Y X X uneven 
resorption 
EL28 102.29 0.51 THH A y X 
EL29 108.33 0.54 THH bot.h flat and y 2 X 
elongated 
EL30 106.81 0.53 THH A y 2 
EL31 ll5.60 0.58 1.83mm THH C y 1 X 
EL32 96.80 0.48 1.65mm THH A y X X 
EL33 86.58 0.43 1.68mm THH A Y X X X 
EL34 72.06 0.36 2.08mm THH C y 2 X X X X 
EL35 104.51 0.52 2.16mm THH elongate W 0 X X 
EL36 92.63 0.46 1.88mm THH C W 0 X X X X 
EL37 79.18 0.40 THH C y 2 X X 
EL38 114.00 0.57 2.39mm THH A y 
EL39 11l.94 0.56 THH A y X 
EL40 121.97 0.61 TI-IH A Y X X 
EL41 106.07 0.53 THH A Y X X 
EL4:2 78.21 (U9 THll A Y 2 X X X two white diamond 
portions - aggre-
gate or is yellow 
colour a late skin? 
EL43 101.78 0.51 2.16mm THH B Y X X X 











Sample Wei !'; ht Wei!';ht Plate tdorpholo!';y Form Colour Colour Twill Hillock Etch Octahedral Deformatioll Other 
Number (mg) (ct) thickness Intensity Resorptiun Features layering lamellae 
Patterns 
EL4~) 79.01 UAU THH A y 2 X 
EL46 104.76 U.52 THH A Y 2 X 
EL47 12:.UU U.02 THH B y 2 X X X 
EL48 87.48 0.44 THH A y 2 X 
EL49 78.53 U.:39 THH A y 2 X scratch-like marks 
on surface 
EL50 126.68 0.63 1.99mm THH macle W 0 X X X 
EL51 110.80 0.55 2.01mm THH A y 1 X X 
EL52 96.60 0.48 1.80mm THH A Y 2 X 
EL53 102.70 0.51 2. 19rnrn THH A y X 
EL54 115.5U 0.58 2.70mm THH A W 0 X X 
EL55 93.60 0.47 2.29mm THH C W 0 X X 
EL50 95.9U U.48 2.48mm THH twill Y X X 
EL57 117.10 U.59 1.99mm THH J3 Y X 
EL58 9:3.90 0.47 THH C W 0 X 
EL59 09.8U U.35 1.21mm OCTA A W 0 X 
ELoO 111.00 0.56 2.97mm TUB twin Y X X X 
EL61 112.6U U.56 2.:35mm THH twin Y X X X 
EL62 71.10 0.36 1. 90mm TEH C y X 
EL6:3 57. GO 0.29 THB macle Y X X X 
EL64 76.7U U.:38 2.44mm TIIH A y 2 
EL65 94.70 0.47 1.83mm THH B \AT 0 X X X 
ELGG 10:3.60 0.52 2.52mm TBH Y X UIlcvell 
resurptiun 
EL67 118.50 0.59 2.74mm THH C W 0 X X 
ELG8 142.:30 0.71 THH C W 0 X X X 











NITROGEN CONTENT AND NITROGEN AGGREGATION 
CHARACTERISTICS 
5.1 Introduction 
Nitrogen is the main substitutional trace element in diamond and may be present as both single 
and aggregate forms. Nitrogen can be measured using Fourier Transform Infrared absorption 
Spectroscopy (FTIR) and the concentrations of the various forms. including total nitrogen can 
be calculated from the intensities and absorption coefficients. The main significance of nitrogen 
is the temperature-time dependence of the A to B conversion that allows calculation of time-
averaged mantle storage temperatures or alternatively, mantle storage time (e.g. Evans & Qi, 
1982; Taylor et al., 1990). 
5.2 Infra-red classification of diamonds 
All diamonds show absorption due to two and three phonon transitions in the mid infrared 
range from 4500 to 650 cm- 1 (e.g. Sutherland et al., 1954; Lax & Burstein, 1955) and have 
been grouped into two groups based on their nitrogen content (Robertson et al., 1934). Type I 
diamonds contain nitrogen in various forms and Type II diamonds contain no detectable nitrogen 
« 20 ppm). The majority of diamonds are Type I, with Type II diamonds accounting for less 
than 5 % of natural diamonds. Both these groups can be further subdivided according to their 
infrared (IR) absorption features, which are described below and summarised in Figure 5.1. 











• C centre 
" singly substituted N atoms 
• paramagnetic 
• typical of synthetic diamonds 
• peak absorption 1130 em" 





* not related to nitrogen impurities 
" diamonds containing high 
concentrations of dislocations 
Type lie 
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~ < 5% of natural diamonds 
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• related to hydrogen 
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" A centre 
" Pair of N atoms (N2} 
" peak absorption 1282 em" 
Type laB 
"B centre 
• 4 N atoms distributed around a vacancy 
" peak absorption at 1175 em" and 1185 em' 
• contributes to the peak at 1282 em" (concentration 
calculated from this wavelength) 
• peak absorption at 2460 cm-' and 
2790 em" 
• Blue diamond 
Figure 5.1: Physical Classification of Diamond using infra-red absoprtion and nitrogen impurities, compiled from Robertson ct al, (1934), Sobolev ct al. (1968), 










impurities are given in Figure 5.2 and Figure 5.3. 
5.2.1 C Centre (Single Nitrogen Centre) 
This is a paramagnetic centre, with a single N atom replacing a C atom in the diamond lattice. 
The paramagnetism is due to an extra electron on the N atom (\Vilks & Wilks, 1991, and 
references therein). Peak absorption occurs at 1130 cm~l, though a subsidiary peak also occurs 
at 1344 cm~l (Collins & Woods, 1982). 
5.2.2 A Centres 
Interpretation of ultraviolet absorption spectra after uniaxial stresses were applied in different 
directions, allowed Davies (1976) to conclude that the A centre is due to a pair of N atoms, 
as first suggested by Sobolev et al. (1968). The position of maximum IR absorption due the A 
centre is 1282 cm ~ 1. 
5.2.3 B Centres 
The B Centre consists of four adjacent N atoms surrounding a vacancy (Loubser & van Wyk, 
1981; Bursill & Glaisher, 1985). Peak absorption occurs at 1175 cm~l (Davies, 1981), though 
Wilks & Wilks (1991) give a slightly higher value at 1185 cm ~ 1. The B centre also contributes 
to absorption at 1282 cm~l. 
5.2.4 Hydrogen Peak 
The infrared spectrum of diamond containing hydrogen shows two peaks at 3107 cm~l and 
1405 cm~l (Chrenko et al., 1967; Davies et al., 1984). Woods & Collins (1983) give a complete 
discussion of the origin of these peaks. They suggest that vibrations of the sp2 bonds in the C 
= CH2 group, situated at inclusion - matrix interfaces, cause the observed hydrogen peaks. 
5.2.5 Platelet Peak 
Absorption at 1359 -1378 cm~l is due to the development of platelets (Sobolev et al., 1968) on 
the {l00} crystal planes. Platelets are planar features and can range in size from 8 nm to a few 
ILm (Evans & Qi, 1982). Platelets do not occur in Type Ib diamonds (Phaal & Zuidema, 1966: 














~ ··'······T·-·~-·l' , 1 r·~..........-·'f " 






















"-""""""-""~ .. ~~',,~ 
L-4-.--'-_J,,~"m1~., f til I . .i.,...." .L._L .......... l __ -t~ .~~ . ...1-...... "~.,,.~. __ -.l.........J 




Figure 5.2: Characteristic FTIR spectra of diamonds (Wilks & \Vilks, 1991) A. Diamond with no impurities (Type IIa). B. Type Ib spectrum due to the 
presence of singk nnaggregated nitrogeIl centres. C. Type IaA spectrum due to the presence of nitrogen pairs (A centres). D. Type laB spectrum due to the 










correlation between the presence of platelets and the aggregation of nitrogen. Various authors 
(Lang, 1964. 1974; Bursill & Glaisher, 1985; Barry et al., 1985) considered nitrogen to be a 
major constituent of platelets though Humble (1982) and Woods (1986) suggested that platelets 
form due to the aggregation of interstitial carbon atoms. According to Woods (1986), platelets 
are carbon atoms that are removed/expelled from the lattice when B nitrogen aggregates form. 
Therefore, high nitrogen contents would promote nitrogen aggregation and rapid nucleation of 
small sized platelets. Larger platelets would grow where there is lower nitrogen content and lower 
nitrogen aggregation and nucleation rates. Platelet composition was confirmed through elect.ron 
energy-loss spectroscopy (Bruley, 1992; Fallon et al., 1995). Diamonds were termed regular by 
Woods (1986) if they show a linear relationship between platelet intensity and %N as laB. 
Diamonds that do not show this correlation are termed irregular and have undergone platelet 
degradation to form dislocation loops and voidites in the {001} planes. Voidites are octahedral 
nitrogen defects in the diamond lattice (e.g. Kifiawi & Bruley, 2000) Platelet degradation is the 
final step in the nitrogen aggregation sequence and typically occurs at. high temperatures (Eyans 
et al., 1995; Kiflawi & Bruley: 2000). 
5.3 Nitrogen Aggregation 
In young and synthetic diamonds, nitrogen starts out as single nitrogen atoms. With increased 
mantle residence time, singly substituted N atoms aggregate to form pairs of N atoms and even-
tually form three atom N defect centres plus a vacancy (e.g. Evans & Harris, 1989; Taylor et al .. 
1990; l\Iendelssohn & Milledge, 1995a,b). However, singly substituted nitrogen is extremely rare 
in natural diamonds, with less than 1 % of natural diamonds containing single N (Mohammed 
et al., 1982). Also, Boyd et al. (1987) found that young diamonds that have crystallised from 
kimberlitic magmas contain mainly nitrogen pairs. Kesson & Ringwood (1989) suggest that un-
der mantle oxygen fugacity conditions it is more reasonable that nitrogen starts out as nitrogen 
pairs. 
Nitrogen aggregation is sensitive to temperature. time and total N content (Allen & Evans, 
1981; Evans & Harris, 1989). The conversion rate from single N (Type Ib) to N pairs (A centres 
- Type laA) has been determined by (Taylor et al., 1996). The rate is strongly controlled by 
the activation energy. with EA = 6.0 ± 0.2 eV for cubic growth zones and EA = 4.4 ± 0.3 eV 
for octahedral growth zones. These values indicate that aggregation occurs at a faster rate on 
octahedral growth zones. 
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Figure 5.3: Characteristic FTIR spectra of diamonds (Wilks & Wilks, 1991). A. Type IaAB spectrum, 
with a strong platelet peak at 1359 - 1378 cm- 1 . B. Type IaAB spectrum with peaks at 3107 and 1405 










laB) is much slower. Evans & Qi (1982) and Evans & Harris (1989) were some of the early 
studies to model the A to B conversion kinetically in an attempt to quantify the relationships 
between temperature, time and N content. The conversion is assumed to follow second order 
kinetics (Evans & Harris, 1989) with the rate-determining step involving the combination of 
two A centres. The success of the kinetic models has depended on the accurate determination 
of the activation energy. Evans & Harris (1989) determined an activation energy of 6.88 eV, 
while Kesson & Ringwood (1989) suggested a lower value of 6.5 eV. Ea = 7.03 eV, the value 
determined by Taylor et al. (1990) is the most widely accepted value. 
The nitrogen aggregation state is mainly sensitive to temperature (Navon, 1999) so that if 
diamonds have a mantle residence time greater than 200 Ivla, the nitrogen aggregation state can 
be used as a thermometer. Diamonds with highly aggregated nitrogen states are more likely to 
have resided in warmer lithospheric conditions whereas those with low aggregation states, likely 
resided in a cooler lithosphere. This thermometer gives an average temperature experienced 
by the diamond during its mantle residence. The nitrogen aggregation rate in diamond may be 
increased by the presence of defects in the diamond (Evans, 1992) and as there are many variables 
in the temperature calculation, the calculated temperature may only be semi-quantitative. 
If the nitrogen aggregation state is known from FTIR analyses, time-averaged mantle tem-
peratures can be calculated using the formula below (Evans & Qi, 1982): 
With: 
o Ea 
Tl"A( C) = - x 
R 
In NA - 273.15 
{ 
.!:iIm.-1 }-l 
tMR x NTOT X A 
EA (activation energy) = 7.03 eV = 678 289.55 J mol- 1 (Taylor et al., 1990) 
R (gas constant) = 8.31451 J K- 1 mol-1 
A (Arrhenius constant) = 2.94181 x 105 s-l ppm- 1 
tMR (mantle residence time in seconds) with 1 Ma = 3.1536 x 1013 s 
N tot = total nitrogen content (ppm) 
NA = total nitrogen in A centres (ppm) 
(5.1 ) 










other means, the formula can be re-arranged to yield mantle residence times. It is important to 
remember that these are average temperatures and therefore may not necessarily correlate with 
temperatures calculated from silicate inclusions, as ambient mantle temperatures may fluctuate 
over a billion year timescale. 
5.4 FTIR Results 
FTIR analyses were done in traverses across the diamond plates to show across-plate variations of 
nitrogen content, nitrogen aggregation, platelet peak strength and hydrogen peak strength, with 
growth layering. Complete FTIR data is presented in Appendix 1. In some cases the values are 
plotted on a log scale so that all the parameters can be plotted on one diagram. The approximate 
positions of the FTIR analyses are indicated on the CL images, as the FTIR stage does not have 
sensitive position control. Analyses don't always correspond with individual growth layers, as the 
resolutiOll of the analysis is ofteIl much larger than finc-scale layering. III addition, growth layers 
are commonly inclined to the surface of the diamond (Mendelssohn & Milledge, 1995b) and if the 
contact between different growth layers isn't perpendicular to the surface, the FTIR analysis will 
measure a gradual zonation. This is particularly likely in diamond plates where the CL images 
of the front and back of the plate don't correlate exactly. Analyses therefore often represent 
averages through multiple growth layers, each of which may have distinctly different nitrogen 
contents and/or nitrogen aggregation. FTIR traverses and growth zoning for each diamond are 
described and presented in Appendix 2. 
5.4.1 Nitrogen Content 
Nitrogen content in the suite of diamonds varies, on average, between 100 and 1000 ppm, with 
one diamond (EL25) having significantly higher nitrogen at 1400 ppm. Average nitrogen content 
in the suite is 638 ppm. There are three diamonds that have significantly lower nitrogen contents 
than the rest of the suite, namely ELlO (154 ppm), EL35 (94 ppm) and EL65 (125 ppm). These 
diamonds have less saturated yellow colours or are colourless. The diamonds with the highest 
average nitrogen contents (> 1000 ppm) are EL12 (1046 ppm), EL25 (1399 ppm) and EL34 (1019 
ppm) all of which have high intensity yellow colours. No distinction between the nitrogen content 
of the eclogitic and peridotitic diamonds is seen. Nitrogen content is not a useful indicator of 
paragenesis, as both parageneses show a large range in nitrogen content, as also shown by Taylor 










Table 5.1: FTIR analyses and mantle storage temperatures, calculated for a 1400 ~la mantle residence 
time. Temperatures are averaged for each diamond. 
Sample laA (ppm) laB (ppm) N total (ppm) %N as laB Temp ( DC ) 
EL01 324 370 693 53 1150 
EL05 238 716 954 75 1166 
ELlO 106 49 154 29 1162 
EL12 388 659 1046 63 1150 
EL16 99 122 221 35 1171 
EL20 522 397 920 43 1133 
EL23 487 396 883 44 1135 
EL24 684 249 933 27 1115 
EL25 812 586 1399 42 1122 
EL26 321 308 628 48 1148 
EL31 433 455 888 49 1142 
EL32 334 474 808 58 1152 
EL33 377 497 874 57 1148 
EL34 227 793 1019 78 1168 
EL35 41 54 94 55 1204 
EL36 25 197 222 66 1223 
EL38 298 334 632 52 1151 
EL43 336 498 834 60 1152 
EL50 270 244 513 46 1151 
EL51 153 444 597 74 1177 
EL52 115 549 664 83 1188 
EL53 131 451 582 78 1183 
EL54 138 129 267 49 1171 
EL55 144 322 465 69 1177 
EL56 82 464 546 85 1197 
EL57 168 368 535 69 1173 
EL59 274 394 667 55 1155 
EL60 92 370 463 80 1193 
EL61 119 334 454 73 1184 
EL62 219 522 741 71 1167 
EL64 47 495 542 91 1215 
EL65 68 58 125 46 1187 
EL66 141 312 453 69 1178 
EL67 43 419 462 91 1216 
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Although hydrogen-rich diamonds show some elevated nitrogen contents, there is no obvious 
relationship between hydrogen and nitrogen in the whole suite. Twenty diamond plates (EL05, 
EL20, EL23, EL26, EL32, EL38, EL50, EL51, EL52, EL53, EL55, EL56, EL57, EL59, EL60, 
EL61, EL62, EL64, EL65, EL67) show no linear correlation between hydrogen and nitrogen 
content, whereas only 11 diamond plates (EL01, EL10, EL12, EL31, EL33, EL34, EL35, EL36, 
EL43. EL54) show increase in hydrogen peak strength with increased nitrogen contents between 
growth zones. The traverse diagrams for EL26, which shows no correlation and EL35, which 
shows a positive correlation between H peak area and N content are shown in Figure 5.6. 
5.4.3 Platelet Size vs Nitrogen Content 
Diamond zones with low nitrogen content have inhibited platelet nucleation and slow growth 
of platelets to large sizes (Woods, 1986). Similarly, high nitrogen content will promote rapid 
nucleation of platelets, all of small size. Platelet size can be related to platelet peak position, with 
lower peak positions (~ 1359 cm -1) corresponding to relatively large platelets and higher peak 
positions (~ 1373 cm -1) corresponding to smaller platelets (e.g. Hanley et al., 1977; Mendelssohn 
& Milledge, 1995a). These relationships are illustrated in Figure 5.7 where the position of the 
platelet peak is positively correlated with the diamond nitrogen content. Low wavenumber peak 
positions « 1362 cm -1) are only seen in diamonds with less than 500 ppm total nitrogen. 
5.4.4 Platelet Peak Strength vs %B aggregation 
A plot of percentage B aggregation against the platelet peak strength illustrates that many of 
the samples in this study show a positive linear relationship between platelet peak strength and 
%B aggregation, with a broad increase in platelet peak strength with increasing B aggregation. 
Diamonds defining this trend are termed regular by Woods (1986). If samples plot below this 
trend, they are termed irregular and suggest platelet degradation, which is typically related to 
mantle heating or deformation events (Woods, 1986; Evans et al., 1995). Ellendale diamonds do 
not show pervasive platelet degradation and only a few samples plot just below this trend which 
may be suggestive of low levels of platelet degradation (Figure 5.8). Only three of the 'irregular' 
samples show evidence for plastic deformation namely EL35, EL36 and EL65. Other samples 
which show an irregular correlation between platelet peak strength and %B aggregation are 
EL25, EL33, EL51, EL53, EL55, EL56, EL57, EL60, EL62 and partially, EL64. All the analyses 
from EL64 plot on the regular trend, apart from one analysis that shows an anomalously low 
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5.'1.5 :,\jj t"Ogcn AggrcgflHolJ ami T ClllpCrflj Ul"C Cfllclliflt.ions 
The diamow.b ill thi" ~tudy are dominat<.'<.1 by llitrogell-ridL Type 1aAB dimIlOml" and are dLar-
a<'terisen hy high levels of II auregation. with an M'("'a:>;~ ;:;0;\ 8.' hll 1I"ound G2 %. Some 
dimmmds "h",,; up to a;l70 B aggregation (Figme 5.a), .K"itwgen aggregation state is a functi(}Il 
()f t emperat.me_ nLtm:>;en ("()nC€mrati()n anr\mamle resir\en~e time. For example, E I. :1C, has , 'ery 
low nitrogell l"()nteJLt « no ppm) with n a~re~atioll Ll't\\'CCIl 40 and 6·1 'Yo, For th~ 1400 -"[a 
re-,ir\en~e t.ime ()f the diamonr\s (_"'" hel()w), high storllge temperRtures are needed t() a TT ain this 
level of aggregation. given the low N culltl'nt of the diamolld, C(}!l\-ersely, EL2-1 ha" very high 
Ilitrogpn COnteJLt (~!lOO ppm) and du~ its l(}w a~re~atioll ~tl\te (~ 26 'Yo), "'till ~tored at much 









Figure 5,9: Nitr<->:,,;ell OUlltellt awl a~~regation "tate of all the Ellenuale uialUollus in this suite_ Data 
points "'" a"era~,-'S fo1' each .-tiamollu (Table ~,I), E·l/9 represelll" a mixed population from E·j anu E9 










Nitrogen aggregation state (%N as laB) is plotted as a function of the logarithm of the ni-
trogen content (Figure 5.9) with isotherms representing aggregation state resulting from storage 
at a particular temperature for a given mantle residence time. Time-integrated isotherms were 
constructed for mantle residence times of 1400 Ma, with peridotitic diamond crystallisation at 
~ 1432 Ma (see Chapter 6) and lamproite emplacement at ~ 20 l'vIa. From these diagrams, the 
diamonds show a temperature range from 1114 to 1229 DC , with an average of 1167 DC . No 
distinct differences could be seen between diamonds from the different lamproite pipes, although 
it does seem that diamonds sampled by E9 resided at slightly higher temperatures in the mantle 
(~ 20 DC ), than those sampled by E4 (Table 5.2 and Figure 5.9). Individual diamond plates that 
define nitrogen aggregation trends sub-parallel to the isotherms typically indicate single-stage 
growth. Some plates however exhibit much wider scatter which indicates multi-stage diamond 
growth, with different growth layers displaying vastly different nitrogen contents, aggregation 
state and cathodoluminescence properties (Figures 5.10 and 5.11). The overall range in man-
tle storage temperatures calculated for the suite of diamonds could be explained in terms of 
diamond storage and lamproite sampling at different depths in the mantle. 
Table 5.2: Temperatures calculated for the Ellendale diamonds in this study, based on a mantle residence 
time of 1400 ~/Ia. 
Sample Pipe Average Temp ( DC ) Range in Temp ( DC ) 
EL01 to EL50 E4/9 1154 1114 - 1229 
EL51 to EL62 E4 1178 1150 - 1202 
EL64 to EL69 E9 1201 1174 - 1223 
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Comparison to other Ellendale data 
Calculated mantle residence temperatures from this study correspond well to equilibration tem-
peratures for mineral pairs from Ellendale (Jaques et al., 1989, and references therein). Eclogitic 
inclusions were found to have Tav = 1250 °C , with lower temperatures for the peridotitic 
inclusions (Tav = 1155 °C ). 
Nitrogen data from van Heerden et al. (1995) were plotted on the isotherm diagram alongside 
data from this study (Figure 5.15). On average, much lower temperatures were deduced from 
the van Heerden et al. (1995) data, though there is some overlap. The difference in temperature 
could be real, in which case it could be explained in terms of samples that are not representative 
of the entire population of diamonds at Ellendale. van Heerden et al. (1995) estimated nitrogen 
aggregation state from reference FTIR spectra, using the method of Davies (1981). This method 
has uncertainties of up to 40 % on the aggregation state and", 5 % on the nitrogen content. 
Thus, the temperatures calculated from the van Heerden et al. (1995) data may have significant 
uncertainties. 
The suite of Ellendale diamonds studied by Taylor et al. (1990) is dominated by nitrogen-
rich Type Ia diamonds, which apart from one peridotitic diamond from E9, show limited laB 
aggregation of nitrogen. The study was based on a very limited dataset with two peridotitic 
diamonds from E9 yielding temperatures from 1146 to 1241 DC and three eclogitic diamonds 
from E4 yielding temperatures between 1059 to 1075 DC . Taylor et al. (1990) followed the 
assumption that the Ellendale diamonds are Proterozoic in age and that they formed at the same 
time as the eclogitic diamond population at Argyle (Richardson, 1986) and thus temperatures 
were calculated based on a 1600 Ma residence time. While the temperatures for the diamonds 
from E9 are within range of the diamonds in this study, the temperatures calculated by (Taylor 
et al., 1990) for E4 are very low. The latter temperatures correspond to those at the graphite-
diamond transition, assuming a conductive geotherm of 40 - 44 m W 1m2, typical of cratonic areas, 
and were interpreted to indicate that 1600 Ma is probably a maximum age for the Ellendale 
diamonds. If the E4 temperatures had to be recalculated for residence times of 1400 Ma, as ill 
this study, temperatures will only be '" 10 DC higher. 
The diamonds in the limited dataset of Taylor et al. (1990) show very low aggregation states, 
which are not comparable to the diamonds in this study. However. it is mentioned by Taylor 
et al. (1990) that the dominant crystal form and colour for smaller size ranges are colourless or 
pale brown octahedra, whereas the larger sized diamonds (as in this study) are typically yellow. 
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RE - OS ISOTOPE CHARACTERISATION OF THE 
SULPHIDE INCLUSIONS 
6.1 Background Principles 
Re has two isotopes: 185Re (37.40 at%) and 187Re (62.60 at%), with an atomic weight of 186.207 
(Gramlich et al., 1973). Os has seven isotopes: 1840s (0.0177 at%), 1860s (1.593 at%), 1870s 
(1.513 at%), 1880s (13.29 at%), 1890s (16.22 at%), 1900s (26.38 at%) and 1920s (40.98 at%). 
Atomic weight is given as 190.2 but varies in nature as 1860s and 187 Os are both products of 
radioactive decay. 187Re decays to 1870s by j3- emission. The decay constant of 1.666 X 10-11 
year- 1 (with a 1 % uncertainty) was determined by Smoliar et al. (1996) from Re-Os isochrons 
of iron meteorites, for which accurate ages had been established by Lugmair & Galer (1992). 
Isotope ratios are reported normalised to 1880s. Early studies reported isotope ratios nor-
malised to 1860S as the 1870sj1860s of chondrites and the average upper mantle are close to 
1. Due to the low abundance of 1860s, 1870sj1880s is more accurately measured in the mass 
spectrometer and 1870sj1860s was calculated based on a constant 1860s/1880s ratio. However, 
the abundance of 1860s varies due to alpha decay of 190pt (Walker et al., 1997), so this was not 
particularly accurate. Normalisation to 1880s is now common practice. 
6.2 Re-Os Systematics 
Re and Os both show strong siderophile (Allegre & Luck, 1980) and chalcophile (Foster et at.. 










ing mantle melting, Os behaves as a compatible element whereas Re behaves as a moderately 
incompatible element and is partitioned into the melt (Mitchell & Keays, 1981; Morgan et al., 
1981). Crustal materials therefore have higher Re concentrations and with time develop radio-
genic 1870sj1880s isotopic ratios. The strong fractionation of these elements between mantle 
and crustal systems means that the Re - Os system is useful for dating melt depletion events 
and residual peridotite formation as opposed to Rb - Sr, Sm - Nd and U - Th - Pb isotope 
systems, where both parent and daughter isotopes are highly incompatible lithophile elements. 
6.2.1 Mantle peridotites 
~lantle peridotites rarely show isochronous relationships, even among whole rocks or sulphides 
that haye a similar age and mantle history, as they may be affected by Re or Os mobility that 
resets the Re - Os isotope ratios subsequent to melt extraction. This may be due to, amongst 
others, late stage metasomatic addition of Re from kimberlites or carbonatites (Walker et al., 
1989; Carlson et al., 1999; Chesley et al., 1999) and Re loss as a result of sulphide breakdown 
(Handler et al., 1997). 
For example, Re content in subducted basalts from the Zermatt-Saas ophiolite is very low, 
and is seen as evidence for Re loss into the overlying mantle wedge during subduction (Dale 
et al., 2007). This is further supported by suprachondritic 1870s/1880s in some arc peridotites, 
along with variable Re enrichment (Brandon et al., 1999). Harzburgite xenoliths and harzburgite 
sulphide inclusions in Panda diamonds, from the Slave craton, also showed suprachondritic 
1870s/1880s, which implies a subduction wedge origin for these diamonds, with Re addition 
from the subducting plate (Westerlund et al., 2006). Remixing of oceanic crust back into the 
upper mantle, with up to 60% Re removed from the subducting plate (Becker, 2000; Dale et al., 
2007) may be responsible for a uniform less depleted 1870sj1880s composition for the upper 
mantle (:Meisel et al., 2001). 
Peridotite xenoliths from Kimberley on the Kaapvaal craton have an average Re - Os model 
age of 2.88 ± 0.11 Ga (Carlson et al., 1999), corresponding to the time of the end of subduction 
and amalgamation of western and eastern Kaapvaal. This could be taken as evidence that 
subduction-related metasomatism may modify the composition of the lithospheric mantle or it 
could represent the time of its original depletion. The low closure temperature of Os exchange in 
pyrrhotite (400 °C Brenan et at., 2000) implies as diffusion may occur for sulphides that are not 
encapsulated in diamond. This could explain, in part, scatter observed in Re - as isochrons for 










it can be relatively mobile during mantle metasomatism and melting events, which could lead 
to variable Re addition in peridotites, with the result that these rocks may rarely plot on an 
isochron (e.g. Gao et al., 2002). 
6.2.2 Sulphide Inclusions in Diamonds 
In contrast to sulphides in mantle xenoliths, sulphide inclusions in diamonds are isolated and 
protected from metasomatic events and Re mobilisation that can affect sulphides in peridotites 
(e.g. Pearson et al., 1998) and as such may represent primary compositions of mantle sulphides. 
Re-Os dating can be applied to single inclusions in diamonds, obtaining model ages, with 
isochrons obtained from multiple inclusions in a single diamond. The system therefore has a great 
advantage over other isotopic systems - the application of the Rb - Sr and Sm - Nd isotopic 
systems to garnet and clinopyroxene inclusions require composites in order to produce isochrons. 
due to the low concentrations of Sm, Nd, Rb and Sr in these minerals (e.g. Shirey et al., 2004). 
The syngenetic nature of inclusions, and thus the validity of diamond ages, have been ques-
tioned by Navon (1999) and Spetsius et al. (2002). Archaean Re-Os model ages were found for 
sulphides included in much younger zircon megacrysts, with U - Pb ages equivalent to kimber-
lite emplacement (Spetsius et al., 2002). These authors suggest that the same could be true 
for diamonds, where older sulphides formed in mantle rocks may be encapsulated in diamond. 
with the model/isochron age indicating peridotite formation in the mantle rather than diamond 
formation. However, as pointed out by Richardson et al. (2004) and Westerlund et al. (2006) 
consistent isochron relationships are improbable in mineral grains that are stored separately in 
the mantle before encapsulation in diamonds. 
Although sulphide is one of the most common inclusion phases in diamond, advances in the 
Re-Os analytical method have only recently enabled the full exploitation of this technique. Re 
and Os are present at femtogram to picogram levels in sulphide inclusions and high sensitivity 
techniques are needed for accurate analyses. Os has a high ionisation potential which prevents 
the formation of positive ions at temperatures attainable in conventional thermal ionisation mass 
spectrometry. However, a solid osmium sample can yield negative ions (Volkening et al., 1991) 
and be analysed using negative thermal ionisation mass spectrometry (N - TIMS) with precision 
better than ± 0.1 % (20") (Creaser et al., 1991). This improved significantly on previous mass 
spectrometry techniques, such as secondary ionisation mass spectrometry (SIMS), resonance 
ionisation mass spectrometry (RIMS) and inductively coupled plasma mass spectrometry (ICP 










for Re and Os separation from sulphide inclusions in diamonds were refined by Pearson et al. 
(1998) from techniques described by Roy-Barman & Allegre (1994) and Birck et al. (1997). This 
technique allows for the analysis of individual inclusions with as little as 1 pg of Os and precludes 
the need for compositing inclusions that mayor may not be related, as with the application of 
the Sm - Nd and Rb - Sr isotope systems to silicate mineral inclusions. The analytical techniques 
used in this study are fully described in Chapter 3. 
6.3 Sulphide Characteristics 
Sulphide inclusion minerals including pyrrhotite (monoclinic), chalcopyrite (tetragonal) and 
pentlandite (isometric) do not display morphologies characteristic of their crystal systems, but 
typically exhibit cubo-octahedral morphologies as imposed by the diamond and, as such, are as-
sumed to be syngenetic. Harris (1968) and Harris & Gurney (1979) provide criteria with which 
to recognise syngenetic and epigenetic inclusions. Sulphides are typically surrounded by rosette 
fractures that develop due to differential decompression between the diamond and the sulphide 
during eruption of the kimberlite/lamproite - i.e. the inclusion expands at a greater rate than 
the diamond with decrease in pressure (Henriques, 1965; Harris et al., 1970). Due to the lower 
pressure in these fractures graphitisation occurs, which along with complex intergrowths of Fe-
Cu-Ni-rich sulphides, result in the dark colour (Harris, 1968; Bobrievich et al., 1959; Harris 
et al., 1975). 
During diamond formation, sulphides are incorporated as Fe-Ni-Cu monosulphide solution 
(mss), in the temperature range 900 to 1200 °C (Bulanova et al., 1996). Exsolution of sulphide 
phases from the mss occurs during cooling, with crystallisation along the rosette fractures. The 
first phases to exsolve from the mss are chalcopyrite at 930°C followed by pentlandite at 600°C. 
Once these phases have exsolved, pyrrhotite remains as residual phase. The phase relationships 
in the Cu-Fe-Ni-S system are detailed in Craig & Kullerud (1969). 
Sulphide paragenesis can be characterised by the Ni content, as well as Os concentrations 
(Deines & Harris, 1995; Pearson et al., 1998). Eclogitic sulphide inclusions are typically lower 
in Ni and Os due to the compatible nature of these elements during mantle melting, whereas 
peridotitic sulphide inclusions have higher Ni content and Os concentrations. From sulphide 
inclusions in Siberian diamonds, Yefimova et al. (1983) distinguished eclogitic sulphides with 
<8 wt % Ni from peridotitic sulphides with >8 wt 9C Ni. The subdivision has been refined by 
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wt % for eclogitic sulphides and> 16 wt % for peridotitic sulphides. Based on this, pentlandite-
rich inclusions are considered peridotitic, whereas chalcopyrite- and pyrrhotite-rich inclusions are 
considered eclogitic. The review by Stachel & Harris (2008) has a discussion on the discrimination 
of sulphide paragenesis according to their Ni contents. 
Table 6.1: Sulphide colour and composition 
Sulphide Colour Formula 
Pyrrhotite Bronze yellow (Fel-xS) 
Chalcopyrite Brass yellow CuFeS2 
tarnished 
iridescent 
Pentlandite Pinkish brown (FeNi)gSs 
6.3.1 Ellendale Sulphides 
Twelve sulphide inclusions were extracted from ten diamonds, which were all assumed to be syn-
genetic due to their cubo-octahedral morphologies. The fractures associated with the sulphides, 
were either simple disc-shaped fractures (EL23, EL55, EL61, EL65) or more complex rosette 
fractures (see Figure 6.1). The integrity of each sulphide inclusion was checked before breakout 
for Re-Os analysis with the majority of diamond showing no cracks linking them to the surface 
of the diamond that could alter the sulphide. 
Apart from EL51 and EL54, the diamonds had no cracks that linked the sulphides or their 
rosette fractures to the surface. Although limited oxide alteration does occur on the surface 
of suphide EL54_3, it does not appear to have disturbed the Re-Os isotope characteristics, as 
the sulphide still maintains an isochronous relationship with the other peridotitic sulphides in 
the suite. EL51 shows substantial surface oxide alteration, however, this sample did not yield 
any reliable analytical data and is not included on the isochron. EL55 did not appear to have 
any cracks to the surface of the host diamond, although sulphide EL55_2 did show some oxide 
alteration on its surface. Inclusions in diamonds EL10 and EL57 are both very near the surface. 
but there are no visible cracks. Figure 6.1 shows the diamonds for which sulphide inclusions 
were extracted for Re - Os isotope analyses. 
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ductive tape and analysed by energy dispersive spectroscopy (EDS) on the scanning electron 
microscope (SEM) in order to positively identify sulphides and obtain major element composi-
tions. This enabled petrogenetic classification of sulphides as either eclogitic or peridotitic based 
on the Ni content. Ni content also provides a rough indication of Os content in the sulphides (e.g. 
Pearson et al., 1998), important for estimates of the amount of spike solution required during 
Re - Os isotope analysis. Backscatttered and secondary electron images of selected sulphides are 
shown in Figure 6.2 and Figure 6.3. 
The suite of Ellendale sulphide inclusions are pyrrhotite-pentlandite-chalcopyrite assem-
blages, and were divided into peridotitic and eclogitic sulphides, based on their Ni content. 
Their major element compositions are described below and reported in Table 6.2. There are four 
eclogitic sulphides: three pyrrhotite-rich (ELla, EL26, EL61) inclusions and one chalcopyrite-rich 
(EL57) inclusion. These all have extremely low Ni content, typically less than 5 %, apart from 
EL61 that has up to 13 % Ni. ELlO contains the largest sulphide in the suite (33 fLg). There are 
eight peridotitic sulphides in the inclusion suite, (EL23, EL50, EL51, EL54_1, EL54_3, EL55_1. 
EL55_2 and EL65) that weigh between 1 and 2 fLg. EL65, however, weighs less than 1 fLg, which 
could not be quantified on the balance. The peridotitic inclusions were classified on the basis 
of their high Ni content and are all characterised by pentlandite-rich compositions with rv 20 -
30 % Ni. 
Table 6.2: Semi-quantitative major element analyses of the sulphide inclusions. 
Sample Ni Fe eu S 
(wt%) (wt%) (wt%) (wt%) 
EL10 0-1 57-59 37-42 
EL26 0-2 54-55 3-4 40-41 
EL57 0-4 37-40 23 31-40 
EL61 0-13 46-54 39-45 
EL23 19-22 40 37-40 
EL50 14-25 37-41 12 36-40 
EL51 7-20 32-38 
EL54_1 10-26 33-40 10-13 37-40 
EL54_3 16-32 26-43 0-4 24-40 
EL55_1 15-18 41-43 8 32-43 
EL55_2 17-21 33-43 30-41 
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Table 6.3: Sulphide paragenesis, classified by Ni content, with Re-Os concentrations and isotopic compositions. 
Sample Sulphide Composition Ni Paragenesis Re Os 187Re/1880s ± 18705/1880s ± TMA ± 
Wt (J-Lg) (wt%) (ppb) (ppb) (Ma) 
ELlO 33 pyrrhotite 0-1 Eclogitic 9 4 164 9 4.71 0.07 1658 47 
EL26 2 pyrrhotite 0-2 Eclogitic 493 6 587 74 4.35 0.34 430 32 
EL57 6 chalcopyrite 0-4 Eclogitic 764 262 18.4 0.9 2.506 0.019 7457 178 
EL61 1 pyrrhotite 0-13 Eclogitic 255 12 168 28 2.51 0.11 847 73 
EL23 1 pentlandite 19-22 Peridotitic 73 89 4.12 0.52 0.208 0.0062 1264 100 
EL50 2 pentlandite 14-25 Peridotitic 981 1274 3.755 0.113 0.195 0.002 1171 27 
EL51 1 pentlandite 7-20 Peridotitic 2411 
EL54_1 1 pentlandite 10-26 Peridotitic 1076 9967 0.52 0.0016 0.1186 0.0005 -8281 218 
EL54_3 2 pentlandite 16-32 Peridotitic 3780 17626 l.033 0.031 0.126 0.0004 -362 22 
EL55_1 1 pentlandite 15-18 Peridotitic 723 11460 0.303 0.009 0.1109 0.001 7973 324 
EL55_2 2 pentlandite 17-21 Periclotitic 513 1279 l.94 0.066 0.127 0.007 -104 140 










6.4 Re and Os concentrations of the Sulphide Inclusions 
The sulphides have a wide range in Re and Os concentrations that are consistent with their 
paragenesis. as classified by Ni content (see Table 6.3). The eclogitic sulphides show Re > Os. 
whereas the peridotitic sulphides have Os > Re. The eclogitic sulphides have Os concentrations 
that range from 4 to 12 ppb, with the chalcopyrite-rich inclusion (EL57), haYing a significantly 
higher Os (262 ppb) than the three pyrrhotite-rich inclusions. The Os concentrations of the 
peridotitic sulphides range from 1274 to 17 626 ppb, with one pentlandite-rich inclusion (EL23) 
that has much lower Os concentration (89 ppb). This same sulphide also has much lower Re 
concentration (73 ppb) than the other peridotitic sulphide inclusions (513 - 3780 ppb). Re 
concentrations for the eclogitic sulphides range from 255 to 764 ppb, with the pyrrhotite-rich 
inclusion from EL10 having significantly lower Re concentration (9 ppb). This same inclusion 
also has the lowest Os concentration in the suite (4 ppb). EL54_3, a peridotitic sulphide, has 
the highest Re and Os concentrations in the entire suite (3800 and 17 626 ppb, respectively). 
Though EL55_1 and EL55_2 are two inclusions from the same diamond. they show distinctly 
different Os content - EL55_1 has 11 460 ppb, an order of magnitude higher than EL55_2 with 
1279 ppb. This is not reflected in the Re concentration, which is fairly similar in both inclusions. 
The Re and Os concentrations of the sulphide inclusions as well as sulphides from other 
diamond localities and peridotitic and eclogitic mantle xenoliths are plotted in Figure 6.4. Re/Os 
ratios from sulphide inclusions show a clear correlation with ratios from mantle xenoliths, which. 
as pointed out by (Pearson et al., 1998), point to a strong petrogenetic similarity. It also indicates 
that the bulk of the Re and Os in mantle xenoliths is hosted by/partitioned into sulphide phases 
similar to those included in diamonds (Pearson et al., 1998; Pearson & Shirey, 1999). The 
diagonal lines on the figure represent constant Re/Os values. 
The eclogitic sulphides show similar Re/Os ratios to eclogite xenoliths from Udachnaya 
(Pearson et al., 1995a,b) and eclogitic sulphide inclusions from Koffiefontein (Pearson et al., 
1998). The range in Os concentrations for the Ellendale peridotitic inclusions (1274 to 17 626 
ppb) is much lower than peridotitic sulphides from studies in the literature. Data from peridotitic 
sulphides have been dominated by the harzburgitic paragenesis, with sulphides from Panda and 
Lac de Gras on the Slave craton yielding Os concentrations of 351 ppm and 18.5 ppm, respectively 
(Westerlund et al., 2006; Aulbach et al., 2008). The more limited dataset oflherzolitic SUlphides, 
yield much lower Os concentrations corresponding to the range observed for the peridotitic 
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a single Udachnayan diamond have Os concentrations from'" 2000 to 6600 ppb Os (Pearson 
et al., 1999), similar to the Os concentration of two sulphide inclusions from a Koffiefontein 
diamond (5000 to 6000 ppb) (Pearson et al., 1998). From Figure 6.4 it can also be seen that 
the RejOs ratios for the Ellendale sulphides are similar to lherzolitic xenoliths from Udachnaya 
(Pearson et al., 1995a,b) and Argyle (Graham et al., 1999). 
6.5 Re-Os Isotope Characterisation 
The 187Rej1880s and 1870sj1880s ratios for the Ellendale sulphide inclusions and calculated 
model ages are given in Table 6.3. A model age (T AI A) gives the time of extraction from the 
convecting upper mantle and is calculated using the formula (Shirey & Walker, 1998): 
{ 
( 
lS70s lS70s ) } 
1 I"8""B()S (p m) - I"8""B()S (sam p ) 
Tr--IA = - X In + 1 
A (187Re 187Re ) 
I"8""B()S (p m ) - I"8""B()S (sam p ) 
(6.1) 
with primitive upper mantle compositions from l\Ieisel et al. (2001): 
187Re 
1880s (pm) = 0.43464 
1870S 0 
I"8""B()S (pm) = .1296 
and the decay constant from (Smoliar et al., 1996): 










Errors on the model ages were calculated based on equations given by Sambridge & Lambert 
(1997) and include errors on mass spectrometry and blank correction. Errors do not take into 





TJl + TJ2 - TJ3 - TJ4 
(1]3 - 1]1) 
92 = -( 1]-2---1]4-)-( 1]'--'-1-+-1]'-2 "---1]-3---7/4-) 
187 Os . _ 187Re 187 Os 187 Re 
1]1 = 1880s (sample) , TJ2 - 1880s (sample) ; TJ3 = T88(5S (mantle) ; 1]4 = 1880s (mantle) 
0"1 = error associated with 1]1 
0"2 = error associated with 1]2 




The four eclogitic inclusions all have radiogenic 1870sj1880s ratios, which range from 2.5 to 
4.7. The sulphides show no correlation in their Re - Os isotope data and as they do not have 
an isochronous relationship, a regression could not be calculated (Figure 6.5). Similarly, no 
correlation between the model ages for the eclogitic sulphides could be found. Model ages for 
the two sulphides, ELla and EL61, yield Proterozoic ages of 1658 IvIa and 847 Ma, respectively. 
The chalcopyrite inclusion from EL57 gives a model age older than the age of the Earth, while 
EL26 gives a model age of 430 Ma. The model ages are plotted on an Os isotope evolution 
diagram (Figure 6.6). While the Re - Os isotope data may indicate more than one eclogitic 
diamond-forming event, more analyses on eclogitic sulphides from Ellendale are needed before 
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The ~ISWD of the isochron regression is high (MSWD = 24), with scatter greater than 
experimental error, which may result from limited spread in 187Rej1880s, as well as Re blank 
corrections to such small samples, all with low Re concentrations. 
Plotting inclusions on an isochron has the important assumption that all samples were 
derived from the same source that had equilibrated before incorporation by the diamond host. 
This assumption may not always hold true, as some evidence for this is seen by differences 
in nitrogen aggregation state and calculated temperatures between diamonds. The nitrogen 
aggregation characteristics for the diamonds from which sulphides were extracted are plotted 
in Figure 6.7. These peridotitic diamonds show a range in mantle storage temperatures from 
1135 DC to 1187 DC (see Table 5.1 in Chapter 5), which could be taken to indicate that the 
diamonds experienced different temperature-time histories, however the 50 DC range is within 
the accuracy of conventional geothermobarometry and may not be geologically significant. These 
diamonds also have a similar range in nitrogen aggregation, between 34 % laB to 55 % laB, 
apart from EL55, which has higher nitrogen aggregation, between 62 and 71 %. 
The isochronous relationship between the sulphide inclusions in the Ellendale diamonds does 
not seem to be affected by the range in mantle storage temperatures for the diamonds. This 
collld illdicat(~ that the diamonds were stored at differcllt d(~pths ill the lWllltle awl that tlw 
same metasomatic diamond-forming fluids infiltrated the entire mantle depth range indicated 
by the mantle storage temperatures. 
The initial Os isotopic ratio calculated from the regression (0.1039 ± 0.0037) is significantly 
lower than the convecting mantle at the indicated time of diamond formation, with lOS = 
-32.25. lOS is the percentage difference between the Os isotopic composition and the average 









,Os can be calculated according to the following formula (Shirey & Walker, 1998): 
[ 
( 1870S ) 1 = IS"1r(5S(samp)(1.43) _ 1 x 100 






1870 187R s e (A(4.588X109 ) A(1.43X109)) -- +-- e -e 
1880s (i) 1880S (pm) 
(6.6) 
= 0.152236 
and primitive upper mantle compositions from Meisel et al. (2001): 
187Re = 0.43464 
IS"1r(5S (pm) 
187 08 
1880s(pm) = 0.1296 
and the decay constant from (Smoliar et al., 1996): 
), = 1.666 X 10-11 year -1 
As expected from the unradiogenic ,Os (-32.25), the model ages calculated for the peridotitic 
sulphides show wide variation, with three sulphides (EL54_1, EL54_3 and EL55_2) giving negative 
(future) model ages and two sulphides yielding ages older than the age of the Earth (EL55_1 
and EL65) (Table 6.3). An Os isotope evolution diagram, with the calculated model ages for the 
sulphide inclusions, is seen in Figure 6.8. The samples, excluding EL55_2, show a convergence 
close to the initial ratio calculated from the regression (1870sj1880s = 0.1039 at rv 1.43 Ga). 
consistent with their isochronous relationship. The initial ratio from the regression which includes 
sample EL55_2 e870sj1880s = 0.101) is substantially lowered due to scatter on sample EL55_2 

















~ 0.1 S ELSO -~ '" 0 , 
• 
0.13 





" EL65 ... , ,. " ,., .., Age (Ga) 
Fi","I\' 6.11: o.m""" I",,,.p~ ~'''hlTio" ,1i"lImm ('" p"ri(~"i'ic "~I'I'i(le i"d".~"". TIIOl i"i,;"1 "'~~. (:'0,1· 
0,,1..\...-1 f",~, ,I ... ' ... ·11"." ""!!' ........ ," (iI.I(~ i<I ot (U~I:ln ;,; "hill€tl in re:l ,,-ith iL_ upp .. ! atld lov.~r 1"niIS 










The upper and lower limits on the initial ratio (0.1039 ± 0.0037) give Re depletion ages 
(TRD ) of 2.96 and 3.93 Ga, respectively. This is the minimum age for melt depletion in the 
mantle. As peridotites may experience variable degrees of melt depletion, T RD is calculated 
by assuming all Re was removed from the samples during melt extraction. On the as isotope 
evolution diagram, these are illustrated as the red horizontal lines, representing the minimum 
age that allowed for the development of the measured 1870sj1880s ratio. TRD is quantified 
according to the following formula (Walker et at., 1989): 
{ 
( 
1~70s 1~70s ) } 
T
Il T8""8()S(pm) - 11lll();;(samp) 




with primitive upper mantle compositions from Meisel et at. (2001): 
1~7Re 
T8"SOs (pm) = 0.43464 
1~70S 0 1 
Tll""8"7CO ( ) = . 296 s pm 
and the decay constant from (Smoliar et at., 1996): 










6.6 Summary of Results 
This suite of Ellendale diamonds has both Iherzolitic and eclogitic diamond populations, as also 
shown by previous studies on silicate diamond inclusions (Hall & Smith, 1984; Griffin et al., 1988; 
Jaques et al., 1989). Inclusions of peridotitic nature included olivine, enstatite, Cr-diopside, and 
calcic Cr-pyrope, whereas those of eclogitic origin are orange garnet, omphacite, coesite and 
rutile (Griffin et al., 1988; Jaques et al., 1989). Also, stable carbon isotope characteristics of 
the Ellendale diamonds indicated both Iherzolitic and eclogitic populations (van Heerden et al., 
1995). 
6.6.1 Eclogitic 
The eclogitic sulphides show low-Ni pyrrhotite-rich compositions with elevated RejOs ratios 
typical for eclogitic sulphides. The sulphides have radiogenic 1870sj1880s ratios indicative of 
long-term elevated RejOs ratios compared to the convecting mantle. This is consistent with 
ancicnt fractiollation of the two dcmcnts by melt cxtractioll, which dnc to their diffcrcllce in 
compatibility, result in higher Re concentrations in the melt and lead to radiogenic Os isotopic 
compositions in basaltic crust over time. This crustal signature is preserved during subduction 
into the mantle and subsequent accretion of the crustal component to the sub-continental litho-
spheric mantle keel. As the eclogitic sulphides show no linear correlation, an age regression could 
not be calculated. 
6.6.2 Peridotitic 
RejOs ratios point to a lherzolitic paragenesis for the peridotitic inclusions, with similar RejOs 
values to both lherzolitic sulphide inclusions and xenoliths from other localities. Depleted harz bur-
gitic compositions in the SCLM are due to continual melt depletion events whereas lherzolitic 
compositions in the SCLM are attained through melt refertilisation events, with basaltic melt 
introduction resulting in less depleted compositions (Shirey et al., 2002, 2004; Richardson et al., 
2004). 
Six of the seven peridotitic sulphides show an isochronous relationship and a regression was 
calculated which yielded an age of 1432 ± 130 Ma. Although the age regression has uncertainties 
due to limited spread in 187Rej1880s as well as Re blank correction to such tiny samples, 
the upper and lower limits on the age still indicate peridotitic diamond formation below the 










convecting mantle at ""' 1.43 Ga, with lOS = -32.25. From the Os isotope evolution diagram, 
a two-stage development for the Os isotopic compositions is suggested. with the sulphide Os 
residing in a precursor with unradiogenic Os isotope ratios. The low initial ratio (0.1039) is 
supported by low initial Nd isotopic compositions (ENd = -3 at 1580 Ma) of silicate inclusions 
from Argyle (Richardson, 1986). Also, Sm-Nd isotopic data from an Argyle lherzolite xenolith 
give El\'d = -3.2 (Graham et al., 1999). The most likely mechanism to produce these compositions 
is ancient Re removal by melt extraction, with long-term isolation from the convecting mantle 
in the sub-continental lithospheric mantle (SCLM). The upper limit on the initial ratio has a 
Re depletion age of 2.96 Ga, indicating the presence of SCLM below the Kimberley craton since 
at least the Meso-archaean. 
In conclusion, the age regression calculated for the peridotitic sulphide population, found 
as inclusions in diamonds at Ellendale indicates a diamond-forming event in the Mesoprotero-
zoic. The unradiogenic initial 1870sj1880s ratio points to a precursor that resided in the sub-
continental lithospheric mantle beneath the King Leopold r.Iobile Belt. This precursor must 
have been isolated since at least the Archaean. The lherzolitic diamond-forming event is much 











DISCUSSION AND CONCLUSIONS 
7.1 Diamond - forming events in the SCLM 
Richardson et al. (1993) have shown that there are age differences between diamonds of different 
parageneses: harzburgitic diamonds typically yield Archaean ages, with eclogitic and lherzolitic 
diamonds giving younger Proterozoic ages. Multiple generations of diamonds formed in the 
lithospheric mantle below the Kaapvaal - Zimbabwe craton have been shown to reflect the 
history of creation, assembly and modification of the craton (Shirey et al., 2002). This can 
also be extended to other cratons. Harzburgitic diamonds are related to early cratonic keel 
formation and subsequent metasomatism (Richardson et al., 2004, and references therein). These 
cratonic nuclei are inferred to form by subduction with partial melting occurring at shallow 
depths in the mantle wedge accompanied by fluid infiltration from the subducting plate, which 
accounts for incompatible element enrichment in mantle xenoliths and silicate diamond inclusions 
(Carlson et al., 2005, and references therein). These metasomatic fluids are typically high in C02, 
LREE, K, Rb, Sr and H20 (Gurney et al., 2005). (Westerlund et al., 2006) showed that Panda 
harzburgitic diamond formation (~ 3.52 Ga) on the Slave craton was coeval with lithosphere 
formation at 3.5 - 3.3 Ga (Aulbach et al., 2004). The sulphide inclusions in the diamonds attained 
their radiogenic 1870sj1880s signature from fluids with a radiogenic Os signature, introduced 
from the subducting plate, with isotopically distinct sulphides in different growth zones. 
Edogitic diamonds reflect craton stabilisatioIl through late Archaean to Protcrm~()ic accrc-
tionary events along the margins of cratonic nuclei with underplating of oceanic crust onto the 
SCUvI (reviews by Gurney et al., 2005; Stachel & Harris, 2008). For example, ~ 2.9 Ga eclogitic 










Kaapvaal cratons along the Colesberg lineament at 2.92 Ga (Richardson et al., 1993, 2001, 2004; 
Carlson et al., 1999; Schmitz, 2002; Schmitz et al., 2004). Also, 2.2 - 1.8 Ga eclogitic diamonds 
at Lac de Gras on the Slave craton may be related to Proterozoic collisional events (Aulbach 
et al., 2008). Lherzolitic diamonds have been related not to craton keel development and sta-
bilisation but to subsequent metasomatic alteration and modification of the SCLM during the 
Proterozoic (Richardson et al., 1993; Shirey et al., 2002, 2004; Richardson et al., 2004), with 
reworking of the lithosphere by addition of basaltic components (e.g. Ca, LREE) , resulting in 
less depleted SCLM compositions (Richardson et al., 2004). The Venetia (rv 2.0 Ga) (Richard-
son et al., 2008) and Premier Iherzolitic diamonds (1.93 ± 0.04 Ga) (Richardson et al., 1993) 
post-date the magmatism of the Bushveld Igneous Complex at rv 2.05 Ga, which indicates that 
magmatism did not destroy the SCLM below the KaapvaaL but resulted in its modification to 
less depleted compositions. In addition, Viljoen et al. (2004) have shown that a fertile lherzolite 
xenolith from Premier, resulted from metasomatic overprinting of an older harzburgite. The 2.01 
± 0.06 Ga Iherzolitic diamonds from Udachnaya on the Siberian craton have been related to lo-
calised reworking events, with the introduction of basaltic melts or fluids into older lithospheric 
mantle (Richardson & Harris, 1997). The Archaean age for the SCLM is indicated by Sm - Nd 
model ages for the garnet inclusions in diamond and by Re - Os model ages of mantle xenoliths 
(Pearson et al., 1995a; Richardson & Harris, 1997). 
7.2 Major findings from this study 
This suite of Ellendale diamonds has both eclogitic and peridotitic sulphide inclusions, indicated 
by their Ni content, with eclogitic sulphides containing less than 8 wt % Ni and the peridotitic 
sulphides containing much higher Ni (rv 15 - 35 wt %). The eclogitic sulphides have high RejOs 
ratios (between 2 and 80), similar to eclogitic sulphides in both inclusions in diamonds and 
mantle xenoliths (Figure 6.4; Pearson et al., 1998; Richardson & Shirey, 2008). RejOs ratios for 
peridotitic sulphide inclusions from Ellendale are much lower, from 0.01 to 1, and are equivalent 
to RejOs ratios from both lherzolite xenoliths and lherzolite diamond inclusions from other 
diamond localities (Figure 6.4; Pearson et al., 1995a,b; Graham et al., 1999). This indicates 
a Iherzolitic paragenesis for these diamonds and is consistent with studies that have shown 
Ellendale diamonds to have both Iherzolitic and eclogitic silicate inclusions. For example, silicate 
inclusions from the Ellendale diamonds analysed by Lucas et al. (1989) and Jaques et al. (1991) 
yielded relatively low Mgj (Mg+ Fe) olivine, Cr - diopside, as well as Iherzolitic G9 pyrope. In 










the lherzolitic diamonds at Ellendale (van Heerden et al., 1995), showing a wider range in 
b13C than harzburgitic diamonds from diamond localities on the Kaapvaal craton (van Heerden 
& Gurney, 1995). Ellendale lacks an extensive harzburgitic suite of diamonds, as would be 
indicated by a lack of clinopyroxene in the inclusion assemblage and sub calcic Cr pyropes (G 10 
compositions) . 
The eclogitic sulphide inclusions show no correlation in their Re - Os isotopic data and 
an age regression could not be calculated. The Re - Os isotopic compositions of the lherzolitic 
sulphides demonstrate more linearity than the eclogitic sulphides and regression analysis indi-
cates a Proterozoic age of 1432 ± 130 Ma, with an unradiogenic initial Os isotopic composition 
(0.1039 ± 0.0037). This indicates that the lherzolitic diamond-forming event is much younger 
and unrelated to the craton keel stabilisation in the Archaean. 
Whereas depleted harzburgitic compositions in the SCLM are due to continual melt deple-
tion events, lherzolitic compositions in the SCLM may be due to refertilisation of peridotite by 
subduction fluids or to localised metasomatic alteration events in the mantle, both of which 
would see the introduction of basaltic melts, resulting in less depleted peridotitic compositions 
(Shirey et al., 2002, 2004; Richardson et al., 2004). However, at Ellendale, subduction processes 
are ruled out, since the sulphide inclusions in the diamonds would attain a radiogenic 1870sj1880s 
signature from fluids with a radiogenic Os signature introduced from the subducting plate. as 
has been shown for the Panda diamonds on the Slave craton (Westerlund et al., 2006). 
The Ellendale diamonds have a high N content, as suggested by their pervasive yellow colour 
and confirmed by FTIR analyses of the diamond plates (see Chapter 5). High average N content 
for this suite of Ellendale diamonds (rv 600 ppm) could be due to either higher N content in 
the diamond-forming fluids or higher N incorporation due to the faster crystal growth. Different 
growth zones with distinctly diH'crcnt N contcnts secmingly indicat.c multiplc fiuids with varying 
N content. 
Ellendale diamonds were stored at time averaged temperatures around 1167 °C (Table 5.1), 
only slightly higher than the average for cratonic areas ("-' 1150 °C ; see review by Stachel 
& Harris, 2008). Similar mantle storage temperatures are indicated for both the eclogitic and 
peridotitic diamond populations at Ellendale, consistent with diamond formation subsequent to 
cratonisation in the Kimberley area at rv 1.8 Ga (Thorn, 1975; Tyler & Griffin, 1990) so that 
the different chemical environments (peridotitic and eclogitic) would have equivalent diamond 
equilibration and storage temperatures. 










tensive platelet degradation as indicated for the Argyle diamonds (Harris & Collins, 1985; Taylor 
et al., 1990; Viljoen, 2002). Diamonds with high N contents, such as the Ellendale diamonds, 
are more resistant to plastic deformation, with experiments by (Wild et al., 1967) indicating 
that Type II diamonds can be deformed at much lower critical stresses than Type I diamonds. 
This may explain why the pink/brown diamonds at Argyle, with lower N contents, show much 
more evidence of deformation. Platelets are sensitive to tectonothermal events in the lithosphere 
and destruction of platelets may be indicative of large-scale heating events in the mantle. The 
lack of extensive platelet degradation at Ellendale suggests that the diamonds had a relatively 
undisturbed 1.4 Ga mantle storage history and experienced lower temperatures than the Ar-
gyle diamonds (Viljoen, 2002). This could indicate that the Yampi and King Leopold orogenies 
which post-date lherzolitic diamond formation at rv 900 Ma (Bodorkos & Reddy, 2004) and 560 
- 530 Ma (Myers et al., 1996) resulted only in crustal deformation, with the underlying SCLM 
remaining largely unaffected. 
7.3 Age of the SCLM beneath the King Leopold Mobile Belt 
The presence of deep sub-continental lithospheric mantle below the King Leopold Mobile Belt 
(and the Kimberley craton) has been indicated by seismic tomography (van der Hilst et al., 
1998; Kennett, 2003; Fishwick et al., 2005) and cratonic conductive geotherms for the West 
Kimberley Province (Griffin & Ryan, 1995). The Archaean age of this SCLM is indicated by the 
unradiogenic initial 1870sj1880s ratio (0.1039 ± 0.0037, with 'lOs = -32.25) for the lherzolitic 
sulphide inclusions in diamonds at Ellendale. This implies long-term isolation of the sulphide 
precursor from the convecting mantle, since at least the Mesoarchaean, with the Re depletion 
ages (T RD) for the upper limit of the initial ratio calculated at 2.96 Ga. Archaean SCLM also 
extends to beneath the Halls Creek Mobile Belt, to the south-east of the Kimberley craton, with 
mantle xenoliths yielding Palaeoproterozoic to Neoarchaean TRD ages of 2.2 - 2.9 Ga (Luguet 
et al., 2006, 2008) and an imprecise Re - Os isochron age of 3.4 Ga (Graham et al., 1999). 
The age of the mantle below the Kimberley craton is significantly older than the oldest 
exposed crust in the area - the sandstone-dominated platform cover of the Kimberley is dated 
at 1.9 to 1.65 Ga (Gellatly, 1971; Thom, 1975). The oldest crust in the Halls Creek Mobile 
Belt is rv 1.92 Ga, with the""' 1.88 to 1.88 Ga Hooper Terrane forming the oldest rocks in the 
King Leopold Mobile Belt. Therefore, despite early Proterozoic convergent margins and new 
crustal formation (Tyler et al., 1999; Griffin et al., 2000), the underlying continental mantle was 










et al., 2008) with preservation of the lithosphere during accretion and amalgamation of the Halls 
Creek and King Leopold Mobile Belts. This is in contrast to the Siberian craton which shows 
synchronous stabilisation of the crust and SCLM due to a correspondence of Archaean Re - Os 
and Sm - Nd model ages (Pearson et al., 1995a) for the SCLM with the oldest crustal ages from 
the Anabar and Aldan Shields on the Siberian craton (Turchenko, 1993; Nutman et al., 1992). 
7.4 Composition of the SCLM below the King Leopold Mobile 
Belt and its diamonds 
The lherzolitic composition for the Ellendale sulphide inclusions is consistent with studies by Mc-
Culloch et al. (1983) and Jaques et al. (1984) that have indicated lherzolitic composition for the 
West Kimberley lamproitic source, as indicated by Ti - rich phlogopite, diopside and richterite 
compositions, as well as LREE - and LILE - enriched trace element compositions. These compo-
sitions, along with high 87Sr/86Sr (0.711 - 0.720) and unradiogenic Nd isotopic ratios (ENd =-7 
to -15) (McCulloch et al., 1983; Jaques et al., 1984), indicate derivation of the lamproites from a 
peridotitic source that had experienced long term enrichment by metasomatism, with addition 
of incompatible element-enriched fluid phases to depleted mantle. The lherzolitic composition of 
the SCLl\I is extended below the rest of the Kimberley craton and the Halls Creek Mobile Belt, 
with the lherzolitic xenoliths from Argyle and the Argyle lamproites also indicating derivation 
from an old source that had seen subsequent enrichment in LREE (Graham et al., 1999). 
Although lherzolitic Cr - pyrope is the most common garnet composition in the SCLl\I 
below the Kimberley craton, minor sub calcic Cr - pyrope (GI0) has been recovered from both 
kimberlites on the Kimberley craton and lamproites in the adjacent mobile belts (Lucas et al., 
1989), which suggests that the SCLM may also be partly harzburgitic in composition. Single 
harzburgitic pyrope inclusions were found at Argyle (CaO 5 wt%, Cr203 14.64 wt%; Jaques 
et al., 1989) and Ellendale (CaO 2.76 wt%, Cr203 6.84 wt%; Hall & Smith, 1984), however, an 
extensive harzburgitic diamond population has not been described at either locality. This could 
imply that only few harzburgitic diamonds were formed during early cratonic keel formation, 
or that harzburgitic diamonds were destroyed by subsequent melt metasomatic events in the 
mantle. 
The lherzolitic diamond-forming event at 1.43 ± 0.13 Ga cannot be directly correlated with 
any metasomatic events in the region, which may have modified the composition of the SCLM by 










Proterozoic metasomatic eventls below the Kimberley craton, with the Os isotopic composition 
of the Argyle lherzolites and lamproite influenced by a '" 1500 Ma enriched - mantle component 
(represented by a picroilmenite megacryst from the Maude Creek kimberlite on the eastern 
Kimberley craton, with initial IO~ = + 27). The correspondence of diamond formation ages 
of the lherzolitic diamonds at Ellendale and the eclogitic diamonds at Argyle (1.58 ± 0.06 Ga; 
Richardson, 1986), occurring to the south and south-east of the Kimberley craton, respectively, 
suggest that the Proterozoic metasomatic event Is could have been craton-wide. 
It may be interesting to note that palaeomagnetic data from the McArthur Basin on the 
North Australian Craton indicate a change in trajectory of Australia at '" 1.5 Ga (Idnurm 
et at.. 1995; Idnurm, 2000; Betts et al., 2007). While this is not necessarily a correlation with 
the lherzolitic diamond-forming event, this rotation may be due to changes in tectonic regime, 
which could result in remobilisation of fluids and refertilisation of the SCLM. 
Eclogitic diamonds make up nearly half of the diamond population at Ellendale (Jaques 
et al., 1989). The eclogitic sulphides at Elllendale show no linear correlationls of their Re - Os 
isotopic compositions and therefore an age regression could not be calculated. It is therefore 
not known whether there were one or multiple eclogitic diamond-forming events, and whether 
they could be related to peridotitic diamond formation at Ellendale in the Proterozoic or the 
tectonic events that affected the King Leopolcl1Iobile Belt during this time. e.g. deformation in 
the Hooper Terrane at '" 1.88 Ga and its subsequent incorporation into the Kimberley craton, 
ending at '" 1.79 Ga (Tyler & Griffin, 1990); or the Yarnpi and King L('opold orogcnics at rv 
0.9 Ga and 0.56 - 0.53 Ga, respectively (Myers et al., 1996; Bodorkos & Reddy, 2004) (see 
Chapter 2). 
7.5 Diamonds from mobile belt settings 
Clifford's Rule requires that in order for kimberlites and lamproites to be diamond-bearing they 
need to intrude into Archaean cratons that are associated with the presence of deep SCLM, 
which is partially in the diamond stability field (Clifford, 1966). Cratons have low conductive 
geotherms, corresponding to surface heat flow of 40 m W 1m2 (Pollack & Chapman, 1977), which 
brings the graphite-diamond transition to much shallower depths than areas with higher geother-
mal gradient. The Ellendale diamonds are emplaced into a mobile belt, however, the presence 
of Archaean SCLM below the King Leopold Mobile Belt indicates that Clifford's Rule may still 










- Argyle is located in the Halls Creek Mobile Belt on the eastern margin of the Kimberley 
craton, for which the presence of a deep SCLM has been inferred from Re - Os studies on mantle 
xenoliths (Graham et al., 1999; Luguet et al., 2008) and seismic tomography (van der Rilst et al., 
1998; Kennett, 2003; Fishwick et al., 2005). 
- Venetia, River Ranch and other diamond localities intruded the Limpopo Mobile Belt, 
(Kaapvaal- Zimbabwe craton), however, the the presence of a deep SCLM beneath the Limpopo 
f-.Iobile Belt has been inferred from seismic tomography (James et al., 2001) and the depleted 
dunite- harz burgite assemblage of peridotite xenoliths (Smith et al., 2008). 
- The Prairie Creek lamproite province in Arkansas is located in a Proterozoic (> 1.5 Ga) 
terrane, much further south than the North American craton. This seems anomalous, however, 
the Ouachita Mountains (into which the lamproites intrude) may represent a boundary between 
continental and oceanic crust, with the mountain range thrust onto and over the North American 
craton (Lillie, 1985; Mickus & Keller, 1992). 
- The kimberlites of the Colorado - Wyoming Kimberlite Province (including Sloan and 
George Creek) are intruded into Proterozoic rocks of the Colorado Front Ranges (Karlstrom & 
Houston, 1984), much further south than the suture marking the accretion of the continent -
island arc with the Archaean rocks of the Wyoming craton (Eggler et al., 1988; Otter, 1990; 
McCallum. 1991). 
These localities indicate that the extent of Archaean SCLlVI cannot be determined based 
on the outcrop of Archaean crustal rocks alone, as younger crustal rocks may be thrust over 
older Archaean lithosphere, without the destruction of the local SCLl'd. It appears that due 
to the presence of a deep SCLM, the formation processes for diamonds emplaced into these 
mobile belt settings are similar to those operating beneath Archaean cratons. However, higher 
ambient mantle residence temperatures are indicated for these diamonds compared to on - craton 
diamond localities. The nitrogen aggregation characteristics and mantle storage temperatures 
for Ellendale and other craton - margin diamond localities are given in Table 7.1. 
The higher nitrogen aggregation state of mobile belt diamonds may be a consequence of 
high mantle storage temperatures, indicative of higher ambient mantle temperatures towards 
the craton margin, as opposed to those of diamonds stored in the interior of the craton. The 
characteristics of the Ellendale and Venetia diamonds are similar, with regard to dominance 
of regular diamonds with little or no platelet degradation. In addition, these diamonds show 
little evidence of deformation, consistent with diamond formation during more passive mantle 










Table 7.1: Nitrogen aggregation and mantle storage temperatures for diamonds from mobile belt settings 
Ellendale Venetia George Creek Argyle 
(thi~ ~tudy) (Viljoen, 2002) (Chinn, 1995) (Viljoen, 2002) 
% laB 71 % of analy~es 52 % of diamonds Average 66 % of diamonds 
have > 50 % laB have > 50 % laB 85 % laB have > 80 % laB 
l\lantle Storage 
Temperatures 1114 - 1229 999 - 1262 1151 - 1279 1085 - 1366 
( °C ) 
A verage Temp 1167 1163 1223 1243 
( °C ) 
Residence Time 1.4 Ga as~umed 3 Ga assumed 1.25 Ga 0.4 Ga 
Temperatures calculated for Venetia may be higher, if calculated for a 1.5 Ga residence time, 
based on more recent Sm-Nd and Re-Os dating of Venetia diamonds (Richardson et al., 2006, 2008). 
In contrast, the diamonds from George Creek and Argyle are highly deformed and show 
a high percentage of irregular diamonds with high degrees of platelet degradation Also, at 
both these localities, the diamonds have anomalously high nitrogen aggregation (George Creek 
- Chinn, 1995: Argyle - Taylor et al., 1990: Viljoen, 2002). At Argyle, this is consistent with 
tectonic processes at the craton margin and underthrusting of the SCLM by eclogitic material 
during the Halls Creek orogeny, which marks the suture between the Kimberley craton and the 
Lucas craton as part of the greater North Australian craton (Myers et at., 1996: Tyler & Page, 
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1 G8. 20 
93.78 
3105.80 1.40 1136 
3106.80 0.70 1133 
3106.80 0.60 1133 
3106.80 2.80 1147 
3105.80 4.70 1151 
3106.80 5.40 1156 
3106.80 9.70 1156 
3106.80 5.60 1144 
3106.80 3.80 1149 
3106.80 6.50 1151 
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3105.80 40.60 1148 
3105.80 78.90 1144 
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3105.80 10.70 1159 
3105.80 91.80 1146 
3105.80 5l.30 1146 
3106.80 13.80 1150 
3105.80 16.00 1149 
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16.36 9.41 7.49 
14.41 9.36 7.63 
12.72 10.01 7.85 
2.09 0.45 0.13 
2.09 0.30 0.12 
2.58 0.62 0.20 
2.78 1.02 0.33 
2.7D 1.03 0.2D 
2.60 0.90 0.26 
2.25 0.43 0.15 
0.00 0.00 0.00 
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2.10 3.30 0.88 
2.20 3.50 0.81 
2.27 3.62 0.86 
2.13 2.76 0.63 
l.83 4.14 l.3S 
0.00 0.00 0.00 
































































































































Plet(ekt Plettelet H PeClk 
Peak Position Peak Area Position 
H Peak Telllp 
Area in °C 
1374.05 8l.96 3105.80 109.40 1146 
1374.05 88.90 3105.80 97.40 1145 
1370.20 183.40 3105.80 5l.30 1147 
137l.16 285.83 3105.80 l.30 1171 
1373.09 365.79 3106.80 7.10 1170 
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Appendix 2: Traverse Diagrams for FTIR Data 
The growth zoning, as well as the across-plate variations of the nitrogen content, nitrogen aggregation, 
platelet peak strength and hydrogen peak strength for each diamond plate are described below. The 
traverse diagrams with the positions of the FTIR analyses on the CL images, and the FTIR traverses are 
also presented. CL images of both sides of the each diamond plate is given in Appendix 3. 
EL01 
The diamond shows continuous, regular octahedral growth zoning from core to rim. The growth zones 
are all moderately luminescent, with slight variability between adjacent growth zones. This is reflected 
in the nitrogen content, which stays relatively constant from core to rim, with an average around 700 
ppm. % B aggregation across the plate varies between 46 and 56 %. Analyses could not be made in the 
core of the diamond due to the presence of inclusions and the rosette fracture system. Platelet peak area, 
hydrogen peak area and the aggregation state decrease with the total nitrogen content in analysis 6. This 
was one of the first samples to be laser cut. The cut did not go all the way through the diamond. It is 
very difficult to align the laser along the sallle line, so the dialllond was cleaved and broken with SOllle 
tools, resulting in the rough texture on bottom left of the front of the diamond. 
EL05 
The diamond is moderately luminescent and no growth zoning is visible. vVhereas this could be indicative 
of diamond growth in very uniform conditions, it is more likely that the plate was cut with an orientation 
parallel to the {Ill} octahedral plane, and so, no growth layers are visible. This diamond has high 
nitrogen content, which stays relatively constant in the range 800 to 1010 ppm, with slightly higher 
values in the core than in the rim. %B aggregation stays constant throughout the diamond at 72 - 75 %. 
Hydrogen peak area increases slightly towards the rim of the diamond, showing a negative correlation to 
the total nitrogen content. 
EL10 
The diamond plate developed significant fractnres dnring laser cutting and polishing, which madf' FTIR 
analyses tricky. The growth zones show alternating layers of luminescent and non-luminescent zones with 
a fairly uniform octahedral growth habit. No core is visible as it seems that the plate surface did not 
intersect the centre of the diamond. Due to the fractures and inclusions, a representative FTIR traverse 
could not be obtained across the diamond. Platelet peak area shows a positive correlation with the 
nitrogen content, which remains low varying between 64 and 200 ppm. The platelet peak area also shows 
some positive correlation with the %B aggregation, apart from in analysis 3, where it shows an inversed 
correlation. There is almost no hydrogen in the diamond, although hydrogen peak area increases slightly 
to 0.1 (not visible in the graph) in analysis 3, corresponding to the highest nitrogen content. 
ELl2 
The diamond is dominated by regular octahedral growth layers, which are more visible from the back 
view of the plate. The diamond has a relatively non-luminescent, nitrogen-poor core. Some variation 










luminescent growth layers, with interspersed non-luminescent portions are seen towards the bottom part 
of the plate. The light reflections make it difficult to fully interpret the growth, though as these layers 
cross-cut the octahedral growth layers of the rest of the diamond. it seems they arc dne to a different 
stage of diamond growth, after a period of resorption. Due to the high nitrogen content in this diamond 
(900 to 1200 ppm), the traverse is plotted on a log scale. Variations in platelet peak area show some 
positive correlation with across-plate variations in nitrogen content. % B aggregation (54 - 69 %) remains 
relatively constant throughout. Hydrogen peak area does not appear to show any correlation with either 
the nitrogen content or platelet peak area. 
EL16 
This diamond is a macle, with the twin plane visible through the centre of the plate. A large core of 
nitrogen-free non-luminescent diamond is visible. It looks like there was a period of resorption on the 
one side of this core, before subsequent growth of non-luminescent diamond. Diamond growth has an 
octahedral habit with alternating layers of moderately luminescent and non-luminescent diamond and a 
rim of moderately luminescent diamond. Nitrogen content in these layers vary between 200 and 600 ppm. 
Platelet peak areas and %B aggregation both increase in portions with high nitrogen content. Hydrogen 
peak area remains zero or low, with slight increases where nitrogen content increases. While external 
morphology suggests that the diamond could be an aggregate; the pointed shape of some growth layers 
suggests that the external morphology is rather due to an unusual growth feature. 
EL20 
The octahedral growth zones are only slightly visible. The diamond is predominantly moderately lumi-
nescent with some alternating zones that are less luminescent or nitrogen-poor. The growth zones become 
darker and less luminescent towards the rim. The light reflections in the centre of the diamond are due 
to the presence of the rosette fracture system. This makes the interpretation of the fine growth features 
of the less luminescent core quite difficult, though the complexity is probably due to the presence of the 
inclusions at the growth centre of the diamond. FTIR analyses of the core region could not be taken due 
to the fracture system. The octahedral growth layers cross-cut those of the core, suggesting a period of 
resorption. A faint twin plane can be viewed through the centre of the diamond where growth layers do 
not meet up. Across-plate nitrogen content shows slight variation between 860 and 1020 ppm. Platelet 
peak area shows a positive correlation with nitrogen content while hydrogen peak area shows a weakly 
negative correlation. %B aggregation varies from 38 to 51 %. 
EL23 
This diamond has a broken edge as it fragmented slightly during laser cutting of the plate. The plate 
shows regular octahedral growth habit with strong contrasting layers of luminescent and non-luminescent 
growth. The layers toward the rim are moderately IUlllinescent. The light refiections 011 the back of the 
plate are due to the presence of cracks. A Sulphide inclusion is present in the moderately luminescent 
core. Frolll the back view of the plate, a set of cracks arc visihle. which cause some offset along the 
growth layers. Nitrogen content is relatively high, in the range 840 to 980 ppm, apart from two rim 










ppm, respectively). Platelet peak area and nitrogen aggregation (34 - 50 %) show a positive correlation 
with total nitrogen content. Though the hydrogen peak area also decreases in analyses 1 and 10, along 
with the nitrogen content, they dont correlate along the entire traverse. The decrease in hydrogen peak 
area from analyses 4 to 6 is not reflected in the nitrogen content. 
EL24 
A Large portion of the diamond is characterised by dark, low-luminescent octahedral growth. Growth 
layers that are slightly more luminescent are visible in this portion. This growth is truncated with a sharp 
transition to more moderately luminescent growth, indicating more nitrogen-rich conditions. Along the 
rim of the diamond there are two dark low-luminescent areas, a continuation of the octahedral growth 
though these were truncated by resorption of the diamond. The plate was not cut through the growth 
centre of the diamond, but is roughly parallel to the {110} crystal plane. Some fractures and cracks on 
the front of the plate developed during cutting and polishing. 
EL25 
As with ELOl, thp la.<;pr cut did not go all the way through thp diamond and as it is difficult to position 
the laser in the same position, the diamond was cleaved open resulting in a broken surface. The diamond 
is moderately luminescent and there are no growth layers visible. This is most likely due to the orientation 
of the cut - if it is cut parallel to the {111} octahedral crystal planes, no growth layering can be viewed. 
This sample has very high nitrogen content between 1380 and 1411 ppm and similarly high hydrogen 
peak areas (121 - 132), the highest average for the suite. All measured parameters stay relatively constant 
through the traverse, correlating with the CL image, which shows no visible growth layering. 
EL26 
This plate fractured during cutting, the uneven broken surface can be seen on the one side of the plate. 
The diamond shows complex growth structures indicating several micro growth centres in an overall 
octahedral habit. Very fine alternating layers of luminescent and non-luminescent diamond indicate a 
highly variable growth environment in the centre of the diamond. Towards the rim the growth is not 
as fine scale and it becomes more moderately luminescent. Light reflections on the colour CL images 
are due to inclusions and fractures. This diamond shows a strong variation in nitrogen content between 
370 and 910 ppm. Platelet peak strength correlates strongly with the variable total nitrogen content. 
9GB aggregation also correlates with the total nitrogen content, but not as strongly as the platelet peak. 
Hydrogen peaks are present, though they dont display any correlation with either the nitrogen content 
or the platelet peak area. Analysis 7 has the greatest hydrogen peak area but does not correspond with 
any of the other parameters. 
EL31 
At least three growth centres can be seen, with in a fairly uniform octahedral growth environment. On 
the frollt view of the plate, two areas of fille, Illore COlllpleX, nOll-Iulllinescellt growth is seell. Overall 
the diamond is predominantly moderately luminescent diamond, with intermittent periods of growth 
in higher nitrogen conditions (highly luminescent) and nitrogen-poor conditions (non-luminescent/dark 










analysis giving 358 ppm. Nitrogen content can be positively correlated with platelet peak area, hydrogen 
peak area and %n aggregation. Analyses 5 and 6, both along the rim, show the highest nitrogen content, 
greatest platelet peak area and highest %n aggregation. The hydrogen peak is zero to very low, with the 
highest hydrogen peak areas corresponding to portions with the greatest nitrogen content. The olivine 
inclusion in the diamond causes some light reflections in the colour CL images. 
EL32 
The diamond has a luminescent core with alternating layers of more luminescent and non-luminescent 
growth layers. There is a sharp transition to non-luminescent growth zones towards the rim, which does 
not correspond with the nitrogen data. The nitrogen content in these layers is so high, that the analyses 
1,6 and 7 were considered off-scale and could not be quantified accurately to be included on the traverse. 
The centre of the diamond shows complex growth features, likely due to several growth centres around 
inclusions. The diamond has grown in an overall octahedral habit. Total nitrogen content and platelet 
peak area show a very close positive correlation, with no correlation with either the %n aggregation or 
the hydrogen peak area. From analyses 2 to 5 and 9 to 12, the hydrogen peak area seems to show a 
negative correlation with the total nitrogen. Nitrogen content is relatively high and variable with a range 
from 520 to 1200 ppm. Light reflections on the colour CL images are from the presence of inclusions and 
fractures due to breakage during cutting and polishing. 
EL33 
The core of the diamond is non-luminescent nitrogen-poor, which then alternates with more moderately 
luminescent, nitrogen-rich growth layers. These layers have a rounded shape, due to either the presence 
of inclusions or intermittent periods of resorption. The octahedral layering visible towards the right side 
of the plate cross-cuts the oscillatory zoning suggesting that there was a period of resorption before a 
new stage of octahedral growth. The fractures and inclusions in the diamond give rise to light reflections 
in the colour CL image. Nitrogen content is high, ranging between 740 and 1020 ppm, which shows a 
positive correlation with the hydrogen peak area, apart from analysis 7. The platelet peak area and 
%n aggregation dont correlate with the total nitrogen content at all. %n aggregation remains relatively 
constant between 54 and 64 %. The portions with the lowest nitrogen content are the non-luminescent 
core and two analyses which correspond with the octahedral layers towards the right which cross-cut the 
oscillatory zoning of the rest of the plate. The high hydrogen peak areas are the second highest in the 
suite. 
EL34 
Light reflections on the CL image due to fractures, make the growth layers very difficult to view and 
describe accurately. Growth layers in an octahedral habit can be seen. From the back of the plate it looks 
like the core has more luminescent, nitrogen-rich growth which is followed by a zone of low luminescence 
and then moderate luminescence towards the rim of the diamond. There are portions where the growth 
layers dont match up, suggestive of a twin plane. The herringbone pattern characteristic of the twin pane 
was largely resorbed and only seen in small portion on the surface. Nitrogen content is extremely high (> 










and off-scale, as in EL32. Platelet peak area shows a positive correlation to nitrogen content. Hydrogen 
peak areas also correlate with nitrogen content, with analyses 6b and 6c showing the greatest hydrogen 
peaks and the highest nitrogen content. The diamond has a high %B aggregation (75 to 80 %), which 
stays relatively constant throughout. Analyses 6b and 6c are reruns in similar positions. 
EL35 
The diamond has several different growth centres with an overall octahedral growth habit. There are 
very fine alternating layers of non-luminescent and moderately to low luminescent diamond, which are 
interrupted by periods of resorption indicating multi-stage growth. Deformation lines in the diamond 
give rise to the green CL lines. Some light reflections are visiLle due to the presellCC of inclusions. This 
diamond has very low nitrogen contents (60 - 130 ppm). Platelet peak area, hydrogen peak area and %B 
aggregation all correlate positively with the nitrogen content. %B aggregation has a range between 40 
and 64 %. 
EL36 
A Core of cubic diamond growth is visible with alternating layers of very luminescent, bright diamond 
and non-luminescent diamond. Resorption of this layer is visible on the front view of the plate. This 
is followed by octahedral growth of very luminescent diamond. Light reflections due to inclusions are 
present mainly in this layer. A Period of resorption was followed by regular octahedral growth zones of 
very low luminescence towards the rim of the diamond. Lamination lines give rise to the green CL lines. 
Kitrogen varies dramatically across the diamond due to the strong contrast between the luminescent 
and non-luminescent growth layers. The two analyses along the rim (1 and 8) both have no detectable 
nitrogen (Type II) while the central portions show variation between 230 and 360 ppm, probably average 
values of contrasting layers of no nitrogen and high nitrogen content. There is some correlation between 
nitrogen content and both the platelet peak area and the hydrogen peak area, though neither show a full 
positive correlation. Nitrogen is highly aggregated with %B aggregation between 86 to 91 %. 
EL38 
There are many light reflections from inclusions and cracks in the diamond which make it difficult to 
view the growth layers. The front view of the diamond shows a core of moderately luminescent octahedral 
growth which is followed by two fine alternating layers of more luminescent and non-luminescent diamond. 
The growth layers towards the rim of the diamond are very uniform, moderately luminescent diamond. 
Due to many fractures in the diamond, FTIR analyses could not be made through the centre of the plate. 
The nitrogen content varies between 540 and 772 ppm and shows a strong positive correlation with both 
the %B aggregation and the platelet peak area. The %B aggregation varies between 38 and 65 %. The 
core region (analyses 6 and 7) has the highest nitrogen content, as well as the greatest platelet peak 
areas, %B aggregation. Although the hydrogen peak areas are the highest in the core region, hydrogen 
peak area does not correlate well with the total nitrogen content in the rest of the diamond. 
EL43 
The diamond has fine octahedral growth layers, which alternate between low luminescent and moderately 









plate. The centre of the plate has many fractures, so analyses could not be made through the centre of 
the diamond. Nitrogen content varies between 700 to 950 ppm and shows a strong correlation with the 
platelet peak area. %B aggregation is relatively constant between 57 to 64 %. The hydrogen peak areas 
in analyses 4 to 6 show some correlation with the nitrogen content. 
EL50 
The macle line isnt clearly visible in the growth layering, however there are portions where the octahedral 
growth layers dont meet up (zoomed in image to illustrate ~ on the B/\\' image). The diamond has fine 
alternating layers of moderately luminescent diamond with less-luminescent and non-luminescent layers. 
The light rcilections arc due to illclusions and fractures ill the diamolld. Towards the bottom of the plate 
octahedral layers are cross-cut, which seems to indicate a period of resorption followed by a new diamond 
growth episode, also of octahedral habit. Nitrogen content across the plate varies between 330 and 710 
ppm and shows a strong positive correlation with the nitrogen content. %B aggregation varies between 
41 and 55 % and also shows a positive correlation with nitrogen content though not as pronounced as 
the platelet peak area. Hydrogen peak areas do not show any correlation with total nitrogen content. 
EL51 
The diamond broke during cutting and polishing and light reflections due to both inclusions and cracks 
Illake the growth layers difficult to view. The growth layers are lllore visible frolll the front of the plate. The 
complex fine growth layers are difficult to interpret, though a rim of octahedral growth has overgrown 
the central portion of the diamond, which has several micro growth centres of low luminescence. The 
nitrogen content is relatively constant between 580 and 620 ppm with %B aggregation between 72 and 77 
%. Platelet peak area shows a negative correlation with the hydrogen peak area, with analysis 2 showing 
the lowest platelet peak area and the greatest hydrogen peak area. 
EL52 
This diamond has uniform octahedral growth with a core of oscillatory growth. This core has an inner 
zone of non-luminescent growth followed by layers of moderate luminescence. Slight curvature in the 
growth layers around the core indicate a period of resorption, before growth of the octahedral layers 
which continue to the rim of the diamond. The rounded oscillatory zoning in the core could be due to 
inclusions in the diamond, intermittent periods of resorption during the early growth of the diamond or 
cubo-octahedral growth. Nitrogen content ranges from 630 to 730 ppm and shows a positive correlation 
with the platelet peak area. %B aggregation stays constant between 80 and 85 %. The hydrogen peak 
area shows no correlation with any of the other parameters and increases dramatically from the one end 
to the other. 
EL53 
Apart from limited non-luminescent growth towards the bottom of the front view of plate, the diamond is 
moderately luminescent. Fine growth layers of octahedral habit have been interrupted by several periods 
of resorption. The oscillatory zoning visible on the back of the plate dont correlate directly with the 
layers on the front of the plate (sec CL images in Appendix 3). Light refleC'tions on the image arc due to 










680 ppm. It shows a negative correlation with the platelet peak area. %B aggregation remains relatively 
constant between 72 and 80 % and shows no correlation with the nitrogen content or the platelet peak 
area. The hydrogen peak area shows strong variation across the plate, with does not appear to correlate 
strongly with the nitrogen content. 
EL54 
The diamond has many cracks that give rise to light reflections which make it difficult to view the growth 
zoning in the diamond and made FTIR analyses through the centre of the diamond difficult. From the 
back view of the plate (see CL images in Appendix 3), the octahedral layers are more visible. The growth 
core of the diamond towards the bottom right of the image is predominantly non-luminescent diamond. 
There were intermittent periods of resorption, which in addition to the presence of inclusions, gave rise 
to the irregular, complex growth patterns in this core region. There appears to be an annealed crack 
through this core region. Outside of the core, the growth layers are moderately luminescent, with a few 
alternating layers of low luminescence towards the top right of the diamond. Nitrogen content varies 
between 112 and 380 ppm across the plate and can be strongly correlated with the platelet peak area. 
Apart from analysis 2, the hydrogen peak area can be roughly correlated with the platelet peak area and 
nitrogen content. The %B aggregation does not correlate with the nitrogen content and varies between 
cI0 and 64 %. 
EL55 
The back plate surface is much larger than the front surface, owing to the fact the diamond is not 
symmetrical. This, in addition to inclusions and cracks, yield light reflections in the CL image. The back 
surface gives a better view of the growth zoning. The diamond has two distinct growth environments 
resulting in a very luminescent core of octahedral diamond, which underwent a period of resorption prior 
to the growth of the very low luminescent, also of octahedral habit. The low luminescent growth was not 
uniform. there are indications that this occurred in several phases, with intermittent periods of resorption 
(eg. See top left of the back plate). As with EL32, the analyses with the highest nitrogen contents are in 
zones with extremely low luminescence. The nitrogen content does not vary greatly and ranges between 
430 to 500 ppm and does not correlate with the strong contrast in luminescence seen between zones in the 
CL image. The nitrogen content shows no correlation with either the platelet peak area or the hydrogen 
peak area. The %B aggregation varies slightly between 63 and 73 %. 
EL56 
The macle line in this diamond is not as clear as in EL16, also partly due to numerous light reflections from 
the cracks and inclusions in the diamond. The diamond has an octahedral growth habit, a luminescent 
core region followed by moderately luminescent growth. vVithin this zone there are several micro growth 
celltres of nOll-lulllillescellt diamond. Fractures fill auout half of the plate, so a traverse through the centre 
of the diamond was tricky, though analysis 3 comes close enough. The nitrogen content varies between 
510 and 590 ppm and apart from analysis 2, seems to show good positive correlation with the platelet 
peak area. %B aggregation remains relatively constant between 82 and 87 %. The hydrogen peak area 











This diamond has a complex growth history marked by several different micro growth centres (more 
visible on the back view of the plate, Appendix 3) and several periods of resorption that interrupted 
growth. The diamond has alternating layers of moderately luminescent octahedral growth, though the 
ollter layers become less luminescent. Light reflections in the top right of the plate are from cracks in the 
diamond as well as the rosette fracture system. There is minimal across-plate nitrogen variation, it varies 
slighty between 510 and 550 ppm. Nitrogen content shows no correlation with either the platelet peak 
area or the hydrogen peak area. Nitrogen is highly aggregated, with %13 between 65 and 71 % 
EL59 
The diamond fractured during polishing, and only one side of the plate still has a planar surface. Due to 
the fracturing, growth zoning was not always clear. Nitrogen content ranges from 280 to 1100 ppm and 
correlates strongly with both the platelet peak area and the %13 aggregation (35 - 68 %). The hydrogen 
peak area shows a negative correlation with the nitrogen content. 
EL61 
The twin plane is visible down the centre of the diamond. Small etch pits all along this twin plane cause 
light reflections on the CL image. The octahedral growth layering has multiple centres and strongly 
contrasting layers of non-luminescent and moderately luminescent growth layers are visible. A large non-
luminescent centre is visible on the back view of the plate. Nitrogen content shows a positive correlation 
with both the platelet peak area and the %13 aggregation. It varies between 416 and 500 ppm, with %13 
aggregation between 66 and 80 %. The hydrogen peak area shows a negative correlation with the nitrogen 
content. Analysis 2 shows the greatest nitrogen content, yet corresponds to a low luminescent growth 
zone on the CL image. This indicates that the FTIR analyses are an average value of various growth 
layers through the depth of the plate. 
EL62 
The diamond fractured during laser cutting, and only one side of the plate could be polished. The light 
reflections from the fractures make that no growth zoning can be viewed. Platelet peak area and %13 
aggregation show a positive correlation, though neither correlate with the total nitrogen content. This 
shows minimal variation in the range 690 to 815 ppm. Hydrogen peak area shows no correlation with 
nitrogen content or either of the other parameters. 
EL64 
A large proportion of the diamond is filled with inclusions and fractures, which makes it difficult to view 
the growth zoning. From the back view of the plate, faint octahedral zoning of moderate luminescence is 
visible. A core of non-luminescent diamond is visible from the back view of the plate, followed by a region 
of resorption before growth of moderately luminescent octahedral layers. Obtaining a representative FTIR 
traverse through the centre of the diamond was not possible due the presence of a large fracture system. 
This diamond shows a dramatic decrease in platelet peak area in analysis 2, which shows no correlation 
with the nitrogen content or the %13 aggregation. Nitrogen content ranges from 497 to 625 ppm and the 










two samples showing higher hydrogen peaks, namely EL25 and EL33. 
EL65 
This diamond has regular octahedral growth layering with a very luminescent core. On the front view of 
the plate, the layers in the top right cross cut the octahedral layering of the rest of the diamond. This 
suggests a period of resorption that was followed by less-luminescent growth layers, evident also in the 
substantially lower nitrogen content of analysis 5. Oscillatory zoning towards the left of the plate are due 
to the small inclusions. The green CL lines on the image are due to deformation lamellae in the diamond. 
The platelet peak area and the nitrogen content show a strong positive correlation. with nitrogen content 
remaining low throughout the sample, in the range 65 to 155 ppm. %13 aggregation is between 40 and 50 
%. Hydrogen peak areas vary across the traverse and show no correlation with the nitrogen content or 
either the platelet peak area or the %13 aggregation. 
EL66 
The plate has many fractures, which developed predominantly during cutting and polishing. As a result 
of the abundant light reflections, no growth wning can be viewed and only two FTIR analyses conld be 
taken. No traverse diagram is presented, however the FTIR data is shown in Appendix 1. Nitrogen content 
for the two analyses were 430 and 470 ppm, with high %13 aggregation - 71 % and 67 %, respectively. 
EL67 
The diamond has a core of very luminescent diamond, from the front view the growth layers arent clearly 
visible. but from the back view, alternating layers of non-luminescent diamond is seen. This core has 
an uneven outline due to resorption. The core is overgrown by octahedral growth layers that are fairly 
non-luminescent. Nitrogen content varies between 380 and 510 ppm and shows a positive correlation to 
the platelet peak area. %13 aggregation is quite high between 89 and 92 %. The hydrogen peak areas 
vary across the traverse, with no correlation to the nitrogen content, though analysis 7 shows the highest 
hydrogen peak area as well both the highest platelet peak area and nitrogen content. This docs not 
correspond with the low luminescent diamond seen in the CL image, but seems to indicate that the 
analysis is an average of several growth layers through the plate. 
EL69 
The diamond has octahedral growth layers on either side of the twin plane that is seen through the 
middle of the diamond. 13elow the twin plane are regular, moderately luminescent growth layers, while 
the growth above the twin plane was more variable with intermittent layers of non-luminescent growth. 
Nitrogen content ranges from 505 to 560 ppm and shows some correlation with the platelet peak area. 
%13 aggregation varies slightly between 73 and 88 %. The hydrogen peak area shows no correlation with 










ELOl FTiR Traverse 




r • ''-....J 















• • , 
EL05 FTIR Traverse 
" 
• • • 





---"'''''''' ,~ .. ..... 
-- ~ ......... " ., .. 
... "" ,01' 










EL 10 FTIR Traverse 
'" ,-
, , 
HI. 'n.' .. ~ • 
--- "',...., .. " "" 
"" " ' oil 










EL 12 FTIR Traverse 
",,,,," 
,:J'" • " Ii • 
• • • • • • • • • • • --""" .. " ...... -.. .. 
'00 
_.... __ .. 
N .... . --_.------>---.------- _ ...... N: ... ~) 
• , • ~ • • , , • , , • , ., .. 










EL 16 Traverse Diagram 
, , • 
"". "00'"'' 
, 
- .""..."...., .. ,. .... 
_ "'I<.',"W.A, ... 
"" .. I. 










EL20 FTIR Traverse 
,~ 
• • -- ~ ... --~ ... • • • ,·1 ...... ......... _""', ...... ". - .... ~ .. ,"' .. , --
"I 
• 0 0 • 0 











EL23 FTIR Traverse 
'~I /----------. ........ 
----.---.-----.------
, , • , • , • • 
-+- H" "'>"" ........ ' '-~ 
__ P"".c"'_ ' " 
'J< .,, ~ 














, • , • , 
.-rl. ,," .. , ... 
• 
__ H."'_, _. ""~ --""_ ....... 
L~ .. I .. 










EL31 FTIR Traverse 
". -- ~,...,,,,,,,- ~-.. -.- ......... _ .... 











EL32 FTIR Traverse 
,M -- ,/ « 
............. / • • • • ,. 
--.-.-----.---~---
.. 
,LI -:-, , • , " " 
....... ................. .... -- .... ~ .. . ,,, ... .. 
., .. '" b. 










EL33 FTIR Traverse 
,-
~l , 
--- ... .,. ... -... -










EL34 FTIR Traverse 
". 
,~ /' ---....,. , , 
•• 
- ".,~, ......... 
-~", ............ 
~ " ... - """ ~ .""") 
.----' , .. , , 
~ 
,.1 • , • • 















El3 5 FTIRTraverse 
-
• , ." .. ,.", .. , 
-- ~,.""''''' ,,,' "' .. -... ,""" "" ..... '.", "" ... 










EL36 FTIR Traverse 
,. 
'" -- ",,,,,,,,,,., ..... .. .. 
....... . "' __ h • 
... ~ " "'-
__ 100" ~ ' .... ": ,. 
, •. 
, , , , , , , • 













--~ ~.------.---......----.- -.~ ....... _- - --... "",<"" .. -- ............ ,"" . . ", ... , .. 
_'«.> "' ...... , 
" 










EL43 FTIR Traverse 
• • • 
• • • • • • 
•• 
~ ~"...,...- .... '" --.... '"~--~ ... 
"'" .. 100 




, , , 










ELsa FTIR Traverse 
l("" r 
'. 
'-.--- - H"""""" .... ,. .... --... _"" ... "'-,' " .... . 
- ....... H ..... ' 
" 










ELSl FTIR Traverse 
• • • ,00 
L -------, , 
F" •• " •. ,,'. 
• 
, 
-- .. ,"-"""-.",,. ... --.;.- """ .... " ".,,"'. 










EL52 FTIR Traverse 
'". 
• • • • 
,00 , 


















EL53 FTIR Traverse 
• • • 
_ .. _ ___ ----l 
, , 
rr,. "no'" .. 
- ...... ~-­........ ............... u _.w 










EL54 FTIR Traverse 
~-....... , .. .. --- ......... _ ..... .. 
V< .. 1.1 
" ------------. -













EL55 FTIR Traverse 
, • , ", ..... , .... • 
_ "_ '''''eft - ... "',. "',' .," .. ".t 
















EL56 FTIR Traverse 
• • • • 




--- ~~ ... "",,- ..... 












ELS9 FTIR Traverse 
.. 00 
/ _----:-
-.",,~ ..... "<, - .. ",- "' ... "',. 





















, , • • 
,,,. """ .. " 
- " """, ~'"'''' '' .... ~" ... , "'" ""', ..... "" 










EL62 FTIR Traverse 
""'''' ......... '-•• ,_,~ d,,, "" '. ""'" '" O~ , C" __ "" '"",0 ~ "" ~ " ........ ~o( .... (.-"-,, .. <1«,..". g."",,, """" 
,o..'d..,., to. ."""" 





I II" ....... ;. 
• 
, • 
... ">«~\M' .... ,,.. -- ... , .... "' .. "". ...... 












EL64 FTIR Traverse 
I • • 
, • 
• 
__ """_ ' ... '" A "", 
__ ~"'c<c< ""'" A"" 
'-.N .. , .. 










EL65 FTIR Traverse 
:00 
- " ... -, ....... ~'" 
" --" ... --~ .. . N", .. 8 
-~ .... '~·' ... N 













EL67 FTIR Traverse 
- -----. -' -.~ • • r 
• o , , , o , , , , • 
.......... ......". .. "" ... .... -- .... ..- ...... ... 











EL69 FTIR Traverse 
;r, • ----~~-----.-----~~.---
• ro • 
- o o o o o r 
'00 
, , • • , o • ",. An. ,,, .. 
-_ ....... , .. -- .... __ ... . 
"'" .. , .. 










APPf"lldix 3: Diamond Plate Pho t.os :lnd Cnthodolumine~cell c.;c 
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